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INTRODUCTION 
This thesis contains four separate papers; 
I, a computer study on the system 0--Ar published with Tennyson in Chem. 
Phys. 76(1983) 195, 
II, an analysis of the properties of this system, based on a T-shaped model for 
the complex; a paper published by Van der Avoird in J. Chem. Phys. 79(1983) 
1170, 
III, an experimental investigation, of the thermal distribution of 
O^-molecules expanding in a supersonic molecular beam, performed together 
with Heijmen, Laine and Reuss, accepted for publication in Chem Phys.; 
IV, a study of Zeeman-transitions of 0„-Ar with the magnetic beam resonance 
technique machine, to be published and co-authored by Heijmen, Verhoeve, Laine 
and Reuss. 
Part II has thus not grown in my own garden, but in my neighbourhood. It forms 
such an essential part of the total effort presented in this thesis that it 
simply had to be included. 
The total effort was directed towards understanding the dynamics of O.-Ar, 
a complex known to be semi-rigid. One must admit, however, that large amplitude 
motions are present, for all Van der Waals complexes; the angle of the T-shape 
structure of our 0--Ar, which is 90 degrees on the average, is subject to 
variations of about 30 degrees. Nevertheless, there are floppier complexes, 
e.g. H--Ne which has been studied experimentally and theoretically before, 
in our laboratory. 
The constraints formed by the T-shape have been beautifully translated into an 
appropriate choice of first order basic functions, see II. This opened the way 
to a proper physical understanding of what goes on in a loosely bound complex 
with constraints. 
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We were lucky to find an experimental approach to the dynamical properties of 
O.-Ar, i.e. the Zeeman splitting in weak magnetic field (IV). The 
experimental accuracy (about 50 KHz) was matched to the observable spectral 
structure of this phenomenon. 
It was a tedious enterprise to achieve high detection efficiency and noise 
suppresssion in order to render the tiny fraction of 10 of O-Ar 
complexes of the total of the 0. signal, significant for this spectroscopic 
study. This fraction, moreover, is distributed over many states further 
diluting the relevant signals. 
On our way we learned to tame molecular beams; as one of the results we found 
an alternative way to determine molecular beam temperatures (III) which guided 
us during the final battle to obtain cold complexes (about 3K). 
If one reconsiders all those hours during which the molecular beam apparatus 
has been dis- and reassembled, to run finally for two months under computer 
control day and night, -all the hours spend on the theory and the computer 
programs leading to the numerical and analytical approach described below- what 
was achieved quantitatively? We claim to know now one piece of the repulsive 
branch of the angle dependent part for the 0_-Ar potential around R - 3.7 A. 
Comparing this knowledge with predictions by the Perugia group, little progress 
seems to have been achieved, indeed; 0.05 A to be precise! However, what we 
know now for sure, was a fortunate guess before. The slight shift of 0.05 A 
(see IV fig. 5 below) does not measure the progress in knowledge, really. 
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Abstract 
Ro-vibrational calculations are performed on Ο,ΑΓ explicitly including coup­
ling to the 0. electronic spin. Two different empirical potentials are used and 
give similar fine structure spectra. The anisotropy in the potential is found to 
strongly perturb the 0. fine structure spectrum suggesting that the 0~Ar fine 
structure spectrum can give detailed information about the anisotropy of the Van 
der Waals interaction potential. Transition strengths for the complex fine struc­
ture transitions are calculated and found to vary by two orders of magnitude. 
The Zeeman splitting of the levels by interaction with a weak magnetic field is 
also calculated. 
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1. Introduction 
There has been much recent interest, both theoretical and experimental, in 
Van der Waals molecules [1]. The study of the dynamics these loosely bound com­
plexes has led to the development of special techniques capable of representing 
large ro-vibrational modes in one or more dimensions [2-7]. Given a potential 
energy surface for a system, these methods can give accurate predictions of ro-
vibrational spectra. 
Recently, Reuss and co-workers [8,9] have measured the hyperfine spectrum of 
H.-X (X - Noble gas, H,) Van der Waals molecules. By use of a vector model 
[10], they were able to invert this data to obtain accurate information about 
the Van der Waals potential in the bonding region. In particular their data probed 
the leading anisotropic term, V.(R), to which other experiments are often less 
sensitive. The vector model, which treats L, the end-over-end rotation of the com­
plex, as a good quantum number is appropriate to H- complexes because of the large 
splitting (~ 350 cm ) between the H. rotational states. This allows the coupling 
between rotational states to be neglected to a very good approximation [5]. 
Oxygen is an interesting species because of its paramagnetic electronic 
ground state. Coupling to this Σ state leads to the characteristic fine struc­
ture of 0, ro-vibrational states; fine structure transitions lie largely in 
the 60 GHz region [11]. These levels are further split in a magnetic field by 
Zeeman interaction [12]. 0 has zero nuclear spin meaning that there is no 
nuclear hyperfine interaction;Bose-Einstein statistics forbids even rotational 
3 -
states in the Σ ground state. 
The ro-vibrational states of Van der Waals complexes of 0. will also be 
split by spin-orbit interactions. Observation of these splittings could yield 
valuable information about the Van der Waals interaction potential. However, the 
small splitting between 0- rotational states (~ 2.8 cm ) means that rotational 
states can be strongly coupled in the dimer, making the use of the vector model 
1 3 
inappropriate. 
Two empir ical ly motivated interact ion p o t e n t i a l s for the O.Ar Van der Waals 
dimer are ava i lab le [ 4 3 , 1 4 ] . Both are expressed as Legendre expansions in соа 
V(R,9) - Σ VX(R) Р х (сов ) (1) 
truncated at λ • 2; only λ even contributes by symmetry. R and θ are defined in 
Fig. 1. MingeIgrin a n < 1 Gordon's V ^ W s have a R -exponential form [13], whereas 
those of Firani and Vecchiocattivi are based on a more sophisticated fit to a variety 
of experimental data [14]. 
In this work we use these potentials to calculate the low temperature fine-
structure spectrum for O.-Ar. We used a method capable of giving all the ro-vi-
brational states of the complex and a coupling scheme analogous to that of the 
vector model [10]. This approach uses no approximate quantum numbers. From 
these levels we obtain Boltzmann distributions for several temperatures. With 
these distributions and the relevant transition dipole moments one can make pre­
dictions of the signal to noise ratio of the dimer transitions relative to pure 
0.. These ratios are important if the fine structure of the O.Ar complex is to 
be observed. Our calculations also allow us to assess what information could be 
expected from such an experiment and in what region one would expect to see tran­
sitions. Finally, we also consider how the low-lying levels of the complex are 
split by interaction with a weak magnetic field. 
1 4 
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Fig. 1: Coupling scheme used for the O-Ar calculations ((NS)JL)F, where the 
angular momentum vectors are defined in the text. 
2. Method 
In the absence of a magnetic field the Hamiltonian for the problem can be 
written 
ä • «VR + ÏÏFine (2> 
fL,- is the usual space-fixed vibration-rotation Hamiltonian for the interaction 
of an atom with a rigid diatom [2] 
.2 / 2 \ £2 
H ™ - — — J R + -=-7 + Β N + V(R,e) (3) 
^* 2yR y9R Zy 2wRZ 02 " . 
where μ » m га,/(га +m ), with m and m. being the atomic and diatomic masses res-
a d a d a α 
pectively; B- is the rotational constant of 0., for which a value of A3.1005 GHz 
2 
~2 *2 
[15] was used. The eigenfunctions of the operators L and N are spherical har­
monics |LM T> and [ N M > with eigenvalues L(L+1) and N(N+1). 
H_· consists of the terms which couple the 0. electronic spin to the orbital 
motion. For this we have used the same Hamiltonian as is appropriate for pure 0-, 
for which Hund's rule case (b) applies [15]. Following Mizushima [15], IL. com­
prises a spin orbit coupling term and a Coriolis term 
£Fine-^-Ì+-J V 3 §rî 2 ) (4) 
where S, is the projection of S on the 0- bond axis. For 0. u0 - -0.252585 GHz 
"2 -2 
and λ- - 59.501342 GHz [15]. The operators S and £ act on the spin functions 
ISM >. 
1
 s 
Following Waaijer et al.[10] angular basis functions were taken as coupled 
spherical harmonics in the form |((NS)JL)FM>. | N M > represents the 0 2 rotations, 
N must be odd, and |SM> the angular momentum of the spin, for the ground state 
16 
S » 1. These couple Co |JMT>, where J and M are the total angular momentum quan­
tum numbers of pure 0- [15]. In the dimer |JMI> couples with |LM I>, the end-over-
end rotations of the complex, to give | F M > . F, tL, and the parity ρ - (-1) 
are the only good quantum numbers of the complex. Fig. 1 illustrates this coup­
ling scheme. Previous [1,2] atom-diatom го-vibrational calculations performed on 
S • 0 systems have used the simplified coupling scheme |(NL)FM>. 
To our angular basis set we added a set of radial functions generated numeri­
cally by explicit integration of the pseudo-diatomic problem obtained by consider­
ing N - 0, L - 0 and V(R,9) - V (R), see ref. 7 for details. This gives a total 
basis set which can be written 
{χ (R) |((NS)JL)F M F>; N,q} (5) 
As with previous work [2,5-7], all possible functions with q ä q and N £ N 
uiax roax 
were included in the basis. 
Matrix elements over the radial operators in ÍL were obtained by explicit 
numerical integration [2,7]. Matrix elements of the angular functions were ob-
tained by use of the Wigner-Eckart theorem and successive decoupling of the re-
sulting reduced matrix elements [16]. 
Writing <i| - <(CNS)JL)FTL,| and | f> =• | ((N'S) J ,L')F ,M1> we obtain 
<i|px(cose)|f>.«FF, 6 ^ , ( - D ^ ^ J ' 
, Д λ L'\/l λ N'\ 
[(2L+l)(2L,+1)(2N+1)(2N,+1)(2J+l)(2J,+1)]i 
\ о о о Д о о о У 
j λ J') IN λ Ν' 
L' F L I IJ' s j 
(6) 
for the angular integral over the potential expressed in the form (1), where 
the 3-j and 6-j symbols are standard [17]. Writing S • 0 reduces this to the 
1 7 
more common Percival-SeaCon coefficient [18]. 
As K,. contains only scalar operators, its matrix elements are unaffected 
by complex formation; they are [15] 
<i|N.s|f>-6 F F, « ^ «LL, <¡m, äjJ, (-1) N+S+J 
[S(S+1)(2S+1) N(N+1)(2N+1)] 
IN S J 
[S N 1 
(7) 
and 
<i|(3s|-|2)|f> - «FF. ««м- « L L. 63іч,(- 3+3 [ЗОЖИ+ОМ·»'*!)!* VP 
(Ν 2 Ν'λ I 0 0 0/ S S 1 2 t S J N' S 2 S N (8) 
As in pure 0-, (7) is completely diagonal, but (8) mixes States differing by 2 in 
N. Both expressions can be simplified by use of the special values for 3-j and 
6-j symbols [17], for example 
<i|Ñ. i|f> - i.f 1[J(J+1) - S(S+1) - N(N+1)] (9) 
With these matrix elements, a secular matrix for each F and ρ can be constructed 
and diagonalised giving the spin coupled ro-vibrational states for those quantum 
numbers. 
No electric dipole transitions are possible in oxygen; however, the magnetic 
dipole moment of two Bohr magnetons allows magnetic dipole transitions. The per-
turbative Hamiltonian inducing these transitions is the same as the one which causes 
the first order Zeeman splitting of the levels in a weak-magnetic field [19] 
"в. ^ i-i (10) 
18 
where μ. is the Bohr magneton (1.39961 MHz/Gauss) and g_ is 2.00232 [15]. The tran-
и e 
* 2 
sition intensity is thus proportional to |<i|s|f>| and a Boltzmann factor which 
we discuss in section 4. Taking the ζ axis as the direction of B^, the relevant 
matrix element is 
<i|S |f> - δ , δ . δ , (-1)L+S+N-MF 1
 ζ
1
 М^М·. LL' NN' ' Mpl 
[(2F+1)(2F+3)(2J+1)(2J+3)S(S+1)(2S+1)] 
J 1 J' 
F' L F 
S 1 S 
J' N J 
F 1 F' 
л
 ο
 «;> (11) 
which contains the selection rules ΔΓ • 0, ± 1 and ΔΜ_, " 0. Eq. (11) is only non-zero f or 
|F-F'| and [j-J'| £ 1 and reduces to the familiar form for 0- [15,19] by substi­
tuting L - 0. 
Again,<i|S |f> can be written as five special cases by using the special 
values of the 3-j and 6-j symbols. We however will only comment on the bL depen­
dence of these. When ¿F - 0, the matrix elements are all simply proportional to 
M_. This causes the familiar first-order Zeeman levels which are equally spaced ; 
see for example [12]. It also means that UF • 0 transitions with M_ » 0 (e.g. 
F - 0 •*»• F' - 0) are forbidden and those with M_ • F are the most intense. For 
2 1 
F •+ F+1 transitions, all matrix elements are proportional to ((F+1) - M^) 
which means that those with M^ = 0 are the most intense. 
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3. Calculated fine structure spectrum 
A test calculation for F » 0 and ρ even showed that a basis set with N £ 7 
and q α 4 was well saturated. Increasing either N or π lowered none of the 
max тпах 
lowest five levels by more than 0.3 GHz; a test run with F « 15 gave the same 
result. 
Calculations were thus performed with this basis for the potentials of 
Mingelgrin and Gordon (MG) [13] and Pirani and Vecchiocattivi (PV) [14] for F 
values up to 15. MG's potential was found to be considerably deeper than that of 
PV, the ground state (F - 0, ρ odd) lying at -3000.24 GHz compared with 
-2614.16 GHz. We,however, are interested in the fine structure transitions 
between low-lying states. Table 1 compares the transition frequencies of all 
the allowed transitions from the low lying states with F ¿ 1. 
In pure oxygen, the corresponding fine structure transitions are clustered 
in the region 56 - 62GHz with one transition at 118.75 GHz [11]. Our dimer cal-
culations reproduce these transitions if the anisotropic term, V., in the poten-
tials is switched off. The anisotropy in the potential is thus responsible for 
a drastic change in the fine structure spectrum upon complex formation. Inspec-
tion of the eigenvectors for the complex levels show the basis functions to be 
strongly mixed with no nearly good quantum numbers -unlike pure 0„ where N is 
nearly good or the vector model which assumes J and L to be good [10]. This 
suggests that an experimental observation of these fine structure transitions 
is capable of yielding sensitive information about the anisotropic potential 
of the Van der Waals complex. 
Table 1 shows there to be a difference of nearly 400 GHz in the binding 
energies between the levels in the two potentials considered. Despite this,the 
calculated fine structure transitions are in good agreement, with differences of-
ten less than 1 GHz. This is more surprising when the anisotropy of the two poten· 
tials are compared (see Fig. 1, ref. [14]) as MG's potential is markedly more 
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anisotropie than that of PV in the region of the minimum of VQ. In contrast 
the (comparatively modest) reduction of PV's V- by one half perturbs the transi­
tions by about 10%. 
The transitions shown in Table 1 all arise from low-lying vibrational states. 
The anisotropy of both PV's and MG's potential cause these states to be predomi­
nantly localised about the perpendicular (Θ - 90°) geometry, in agreement with 
Henderson and Ewing's [20] analysis of their infrared spectrum. The similarity 
of these spatial distribution partially accounts for the similarity of the spectra. 
As the potentials give similar results and that of PV can be regarded as more 
reliable, being fitted to the results of several experiments, we use this potential 
for the results presented in the remainder of this work. 
Table 1 also gives the relative transition strengths for the transitions cal-
culated using PV's potential. These numbers correspond to Σ |<i|S |j>| and were 
MF
 z 
thus calculated assuming all ÎL levels to be degenerate. In practice, the earth's 
magnetic field may remove this degeneracy and different strengths for each VL· 
will be observed. These can be obtained from the values given in Table 4 
by using the fL, dependence of <i|s |f> given in the previous section. 
The relative transition strengths presented in Table 1 vary by as much as a 
hundred between different transitions. This suggests that certain of the transi-
tions listed are considerably more likely to be detectable than others. 
Fig. 2 presents smoothed probability distributions as a function of tempe-
ratures. These were calculated by including all states with F S 15 which lay 
below -1500 GHz (77°Ю. This ensured that the normalising sura over the states was 
well converged. We note that "high temperature" 02Ar spectra such as the one measured 
by Henderson and Ewing at 930К sample a large number of ro-vibrational states 
making their quantitative analysis difficult. Also marked in Fig. 2 are the 
states which have the greatest population for each temperature. 
Next we estimate the SNR (signal to noise ratio) of the dimer spectral lines 
compared to that of pure oxygen. The square of this relative SNR is proportional 
2 1 
to the ratio of the Boltzmann populations, the ratio of the transition strengths 
and machine dependent factors such as the relative population of dimer to pure 
0.. Table 2 shows the partition functions, Ζ » Σ (2F+1) exp(-E(a,F)/kT), at 
a,F 
several temperatures for 0„ and O.Ar. Table 2 suggests that the partition func­
tion would cause a ten-fold reduction in intensity for an 0-Ar spectrum at 4°K 
compared to a pure 0. spectrum at 150K, realistic experimental temperatures. The 
transition strengths of the stronger dimer lines (those which do not couple 
strongly to J » 0) are similar to those of pure oxygen. For example, the 0- N • 1, 
J » 1 ·+ 2 transition has a strength of 0.83 (compare with Table 1). The major 
reduction in relative signal to noise ratio will be caused by the smaller number 
of dimers, in for example a nozzle expansion, compared with pure 0., and any 
lowering of machine sensitivity. 
2 2 
Table t 
Frequency and relative transition strengths of the allowed (ÛF » 0,±1, parity con-
served) fine structure transitions in O-Ar for the low-lying states calculated 
using the potentials of Mingelgrin and Gordon (MG) [13] and Pirani and Vecchiocat-
tivi (PV) [14]. The energies of the lower states relative to the dissociated Van 
der Waals complex are given for comparison. 
parity Transition frequency/ 
a 
GHz" 
PV 
11.44 
39.59 
47.44 
50.14 
52.87 
58.37 
74.97 
76.01 
91.20 
100.31 
101.35 
103.00 
105.33 
105.81 
107.88 
108.57 
117.13 
123.45 
130.44 
MG 
11.89 
39.34 
47.47 
51.12 
54.46 
59.80 
77.41 
77.29 
92.32 
101.94 
102.98 
104.55 
105.78 
107.27 
108.22 
109.99 
118.01 
124.76 
132.19 
Transition 
strength 
PV 
0.418 
0.022 
0.012 
0.379 
0.949 
0.362 
0.049 
0.041 
0.014 
0.488 
0.805 
0.515 
0.877 
0.946 
0.357 
1.366 
0.145 
0.174 
0.096 
Energy/GHz 
PV 
-2562.78 
-2602.36 
-2610.22 
-2602.36 
-2562.78 
-2562.78 
-2562.78 
-2562.78 
-2602.36 
-2610.22 
-2602.36 
-2614.16 
-2602.36 
-2610.22 
-2610.22 
-2602.36 
-2614.16 
-2610.22 
-2602.36 
MG 
-2948.69 
-2988.01 
-2996.16 
-2988.01 
-2948.69 
-2948.69 
-2948.69 
-2948.69 
-2988.01 
-2996.16 
-2988.01 
-3000.24 
-2988.01 
-2996.16 
-2996.16 
-2988.01 
-3000.24 
-2996.16 
-2988.01 
1 cm 29.97925 GHz 
23 
Table 2 
Partition function Ζ of 0 9 and O.Ar at different temperatures: 
02 
02Ar 
2K 
2.3 
40 
4K 
4.2 
128 
6K 
5.6 
244 
8K 
7.1 
385 
10K 
8.3 
526 
15K 
11.9 
-
2 4 
«л 
0.005 
500 
energy/GHz 
Fig. 2: Probability of finding the O.Ar complex in a given energy region for 
several temperatures. The curves are smoothed and are normalised to 
unity. The state with the largest probability of occupation for each 
temperature is labeled by its F quantum number. 
4. Zeeman splittings 
We have calculated the splittings of our levels in a weak magnetic field 
using the perturbative Hamiltonian (10). Table 3 presents our results for the 
lowest states with F £ 3. As the selection rule for pure Zeeman transitions is 
ΔΜ_ • ± 1, we predict the transition frequencies to be g μ в times the split­
ting (which is a dimensionless quantity). 
In pure 0. the Zeeman splitting decreases with increasing J [12] and analysis 
of our matrix elements suggests the splittings in the dimer decrease with in­
crease F. To illustrate this,the result with F - 15 has been included in Table 3. 
However, two of the low-lying levels, F • 1 e and F "Зе, show splittings an 
order of magnitude smaller than the other low F states. Analysis of the eigenvec­
tors of these states shows that they are dominated by J « 0 basis functions, which 
give zero Zeeman splitting. This means small Zeeman splitting can be observed 
not only from states with large F but also from states which are predominantly 
J - 0. 
2 6 
Table 3 
First-order Zeeman splittings, eq. (10), of the low-lying states calculated 
using the potential of Pirani and Vecchiocattivi. The dissociation energy 
of the unperturbed state is given for comparison. 
F parity 
1 e 
1 о 
2 e 
2 о 
3 e 
3 о 
energy/GHz 
-2610.22 
-2511.16 
-2562.78 
-2602.36 
-2590.58 
-2551.41 
«ν 
0.0374 
0.2838 
0.3620 
0.03817 
0.0393 
0.2122 
15 e -2152.99 0.0220 
2 7 
5. Conclusions 
In this vork we have compared the O.Ar fine structure spectra calculated 
using two empirical potentials [13,14]. The predicted spectra are in good agree-
ment despite differences in the potentials, which are reflected in the energy 
levels. These spectra bear little resemblance to the fine structure spectrum of 
pure 0,; they are strongly perturbed by the anisotropy in the interaction poten-
tial. Measurements of the O.Ar spectrum could thus provide valuable information 
about the anisotropy in the potential and could test whether higher (V.) terms 
in the Legendre expansion of the potential are indeed insignificant. A computer 
programme (see [21]), such as the one used in this paper, which provides a fast 
and reliable method of generating spectra from a potential can easily be used 
in the fashion of LeRoy and Van Kranendonk [2] as a method of inverting experimen-
tal data to give information about the potential. 
We have also calculated transition intensities, relative signal to noise 
ratios, Boltzmann populations of dimer states at several temperatures and weak 
field Zeeman splittings. All these should encourage the observation of both fine 
structure and Zeeman spectra of O.Ar and experimental work on this is now in 
progress [22]. 
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Abstract 
A simple analytically solvable model is presented for the rotation-vibration-
spin states in Oj-rare gas atom complexes, which predicts the form of the fine-
structure spectrum. It is shown that this spectrum looks basically different from 
the pure 0„ spectrum, due to the partial quenching of the 0, angular momentum by 
the anisotropic 0_-rare gas interaction potential. The model contains two proper-
ties of the 0„X complex as parameters: the ground state average of the anisotro-
pic potential <V-(R)^0 and the end-over-end rotational constant (R X., where R 
is the 0_-X distance. Adjusting these parameters yields quantitative agreement 
with the spectra that have recently been obtained from two different empirical 
potentials via accurate dynamical calculations. The model can be used for inter-
preting the experimental fine-structure spectrum of O.Ar which is currently being 
measured. 
PACS numbers: 33.10.Lb, 36.40.+d, 31.70.-f. 
3 2 
Introduction 
In a recent paper [I] Tennyson and Mettes report accurate dynamical calcula-
tions of the rotation-vibration-electron spin states in O.Ar. From these calcula-
tions they obtain the fine-structure transition frequencies and intensities. Two 
features are especially noteworthy. First, their spectrum of O-Ar looks very dif-
ferent from the pure 0, spectrum. This is not only of practical interest in view 
of the measurements (where to find lines in the microwave or radiofrequency beam 
resonance experiments which are now carried out [2]?), but it is also interesting 
since the deviation from the pure 0. spectrum is expected to be a measure of 
the anisotropy in the 0,-Ar interaction potential (if 0_Ar were bound by a 
purely isotropic interaction, its fine-structure spectrum would be identical to 
the 0- spectrum). On the other hand, they found that two rather different empiri-
cal O.-Ar potentials [3,4] yield strikingly similar fine-structure spectra (chan-
ging the anisotropy in one of the potentials [4] by a factor of 2 did affect the 
frequencies, however). 
In view of these numerical results [1] and the interpretation of the measure-
ments which are in progress [2], it is important to understand why the spectrum 
of O.Ar differs from 0-, how the differences depend explicitly on the anisotropy 
of the potential and which transitions yield the most accurate information about 
the potential and other properties of the complex. In the present paper, it is 
shown how these questions can be answered by adopting a simple, but realistic, 
model for the rotation-vibration-electron spin states of 0_Ar (and other O.X com-
plexes, X * rare gas atom) which can be solved analytically. 
3 3 
Rotation-vibration-spin states of 0?X complexes 
The relevant hamiltonian can be written [1] as: 
H - H . .. + H,. (1) 
rot-vib fine 
where H .. ..is the usual rotation-vibration hamiltonian for an atom-rigid 
rot-vib 6 
diatom complex: 
2 2 
Srot-vib " - ¿ i ¿ 2 R + B(R) i' + Ь f * ν(Η,β) . (2) 
The vector R - (R,ß,a) connects the 0. mass centre with the rare gas atom X, the 
vector τ_ • (Γ_,δ,γ) describes the (fixed) 0, bond length r. and orientation and 
the angular momenta L and Ñ are associated with the polar angles (Bid) and (δ,γ), 
respectively. All these angles are defined relative to an arbitrary space-fixed 
(SF) coordinate frame. The constant μ denotes the reduced mass: μ - m m /(пи+пи ), 
2-1 B(R) the end-over-end rotational constant of O.X: B(R) - (2iiR ) , and b the 0, ro-
2 -1 
tational constant: b • (nur.) - 43.1 GHz [5]. The potential V(R,e) is conve­
niently expressed in Legendre polynomials in (со ), where θ is the angle between 
r and R: 
V(R,e) - Σ VX(R) Px(cose) (3) 
For a homonuclear diatomic such as 0. only terms with even X occur.In addition to the 
isotropic potential V.ÍR), both the empirical O.Ar potentials [3,4] used in 
the dynamical calculations [1] include only the anisotropic V - W term. 
3 -
The 0. molecule is considered to stay in the electronic ground state Σ . 
Its electronic orbital momentum is zero and the dominant effective spin coupling 
term is given by [5,6]: 
34 
й£ ine • ! v 3 § ? - i2 ) ( 4 ) 
with λ« - 59.5 GHz, S^  denoting the electron spin momentum and S its projection 
on the 0- axis τ_. The μ. Ñ.S^  term included in [1], and other terms, have been 
omitted here, since they are of minor importance. 
Tennyson and Mettes [1] have calculated the rotation-vibration-electron spin 
states of O.Ar by diagonalizing the matrix of the hamiltonian (1) over the follow-
ing basis: 
χ (R)|((NS)JL)FMF> (5) 
where χ (R) denote numerical radial basis functions [7,8]. The angular momentum 
functions are products of spherical harmonics Y„ „ (Α,γ) and electron spin functions 
N
> % 
Q
c
 coupled via Clebsch-Gordan coefficients to get basis functions |j,M У, which 
¡>,Mg J 
are then coupled to spherical harmonics Υ ($,α), in order to obtain eigenfunc-
-2 tions of the total angular momentum operators Б^  and F , which represent the exact 
angular quantum numbers of the system. Only basis functions with odd N have to be 
included, since the 0. nuclei have spin zero and the electronic ground state wave 
3 _ 
function is odd with respect to inversion (remember that the term symbol Σ 
g 
refers to a molecular frame lying along the 0. axis) [5,6]. The electron spin basis 
is restricted to the ground state triplet (S • 1). Convergence of the eigenvalues 
to within 0.3 GHz was reached for q S 4 and N S 7. 
So far,all the terms in the hamiltonian (2) and (4),as well as the basis (5).have 
been expressed relative to a space-fixed frame (SF). Actually, it is more convenient to 
use a body-fixed frame (BF) with the z-axis lying along the 0 7 ~
x
 axis R. This can 
be achieved by a rotation over two Euler angles (a,0) which are the polar angles 
of R in the SF frame. The hamiltonian, after this rotation,can be written as: 
3
rot-vib - - 2ïî 4 R + B(R)(F-2)2
 + b N2 • VOM) (6) 
3R 
35 
and 
Siine • I З ІС " î 2 ) (7> 
where the operators tí, ^ , ^J and £ are now expressed in body-fixed components 
AH'F ^BF "^ ВР1 ^BV ^BT1 (F - J - N + S s ince L = 0 ) and the second term in H .. . . i s most 
ζ ζ ζ ζ ζ rot-vib 
conveniently expanded a s : 
B ( R ) ( F - J ) 2 - B ( R ) ( F - S - S ) 2 
- B(R) [F 2 + 5 2 + S 2 - 2(5 +S ) 2 + 2 N S 
— — — ζ ζ ζ ζ 
•(N+F+ + N_F_ + S+F+ + S_F_) + (N+S_ + N_S+) ] (8) 
This transformation of the hamiltonian i s an extens ion of the spin-free case [ 7 - 1 0 ] . 
The rotat ion over two Euler angles (a,8) rather than three leads to an unusual form 
for the components of £ (c f . r e f s . [ 8 - 1 0 ] ) ; a l s o , they do not commute with N and £ . 
The step-up/down operators are defined a s : í r = N ± i N , S. - S ± i S and F. » K K r
 ± x y ± x y ± 
F Τ i f . 
χ y 
The bas i s (S) transforms into : 
χ (R) ï | ( (NS)JL)FK>D^ F ) *(a,B,0) (9) 
4
 К "F,К 
where the angular functions in the ket are now expressed in BF angles and the 
(F) functions D M „ are rotation matrix elements [11]. Remembering that the polar 
angles of R are zero in the body-fixed frame and substituting the relation [11]: 
Y. j. (0,0) - Ι—τ—1 6M _, so that M - К, one can replace (9) by an equivalent 
basis: 
• (Vi * 
χ (R)|(NS)JK>D¿r' (α,Β,Ο) (10) 
4
 ^,Κ 
In eqs. 9 t 13 a normalisation factor is omitted. 
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The latter basis corresponds to the intermediate quantum numbers N, S, J and K, 
in addition to the exact quantum numbers F and hL, while the basis (5) or (9) 
corresponds to N,S,J and L.The basis of eqs.(5) and (9) would be most appropriate 
when the anisotropy in the potential is very weak, as it is in H„X complexes [7]. 
The basis (10) is still not the most efficient one for our problem, however, 
since the anisotropic (λ ^ 0) terms in the potential (3) will split the energy 
levels of different fL· states. Basis functions with N • 1, for instance, will be 
split by the λ = 2 terra in the potential into levels <V ( R ^ - τζνΛ&Ϋ' for 
M -± 1 and levels <V0(R)> +-| <V2(R)> for Mjj-0. So, if <V2(R)> is positive, which 
corresponds to a T-shaped O.X complex, and sufficiently large, then the functions with 
M^ = 0 will be raised in energy to such an extent that they will hardly mix into the 
lower states of the complex (see next section). This destroys J a s a good intermediate 
quantum number. A basis which reflects this splitting is the uncoupled product basis: 
(vi * . 
У
1 0
 YM/ 6'*) 0S,MS \,κ
(α
'
6
·
0) ( 1 1 ) 
where (θ,φ) are the polar angles of £ in the BF system and also the components 
(Μ„) of the spin functions
 0 are expressed relative to this system. The elements s
 S,M 
A2 ** ^2 A A B F Α2 4F 
of this basis are eigenfunctions of the operators N , N , S , S , F , F and F 
— Ζ — 2 Ζ — —Ζ 
with eigenvalues N(N+1), М^, S(S+1), M , К, F(F+1) and iL,, respectively [8-10], 
and К = Mfl+M . 
Finally, it is useful to consider the behaviour of the bases under inversion. 
The SF basis (5)
 г
including the electronic wave function.has parity (-1) 1'+ . The 
BF basis (11) for (MJJ.M ) 4 (0,0) has to be adapted to inversion: 
1 
72 V R ) [Чв , 0 S , M S ' Ç K * + <-1>P Y-M,, 0 S.-M S B Ç - * K ] <12> 
. 3 -
Then, again including the odd parity electronic Σ wave function, the total 
parity becomes (-1)P+^ . 
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The model 
È.· ?ІІ5£_2ЕЁЁЕ_Ш2ІІЁІ 
Starting from the product basis (11) in a BF frame, one can make a number 
of simplifying assumptions regarding the lower rotation-vibration-spin states 
in O.X complexes. It has been observed already that the 0. molecule can be 
considered to remain in its electronic ground state, which corresponds to a tri­
plet spin function: S • 1, M- - -1,0,1. Actually, the admixture of electronically 
excited states via spin-orbit coupling is already taken into account [5,6] in 
the effective spin hamiltonian (7). Basis functions with N » 1 are lowest in energy, 
while basis functions with the next higher 0. rotational quantum number,N - 3,are 
-2 
raised by the term bN in the hamiltonian (6) to an energy that is Ю Ъ " 431 GHz 
higher. The rotation barrier Δ in Ο,ΑΓ from the T-shaped equilibrium structure to 
the linear structure' is about 30 cm [12], which corresponds to an anisotropic 
2 -1 
potential V„(R) » •=· Δ ы 20 cm =* 600 GHz in the range of the Van der Waals mini­
mum R с R . It is mentioned already in the previous section that this anisotropy 
raises the energy of the N » 1, M^ - 0 states relative to the N - 1, IC • ± 1 
states by -? V.CR) ex 360 GHz. Finally, one has to consider the radial (stretching) 
motion of the 0.-X complex. A reasonable estimate for the fundamental vibrational 
excitation energy in O.Ar is 30 cm =* 900 GHz (cf. the Ar. value of 28 cm [13]). 
Given all these energy differences, one might assert that the lower rotation-
vibration-spin states of O.Ar (and other 0.X complexes) within, say, 200 GHz from 
the ground state are mainly composed of basis functions: 
V R ) VV"·** 0 s'Ms Ч ' к ( а , е , 0 ) 
with: (,3) 
N = 1, M - ±1, S - 1 and M - 0, ±1, 
where Φ
η
(Η) is the stretch ground state wave function (v " 0 ) , which could be 
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obtained, numerically or as a linear combination of functions χ (R) (cf. the 
basis (It)), from a radial (one-dimensional) equation with the effective potential 
V
n
(R) --^V (R). This effective potential corresponds exactly with the complete ani­
sotropic potential [3,4] if one can indeed restrict the ground state basis to 
N - 1, MJJ - ±1. 
The first order model proposed consists of diagonalizing the full rotation-
vibration-spin hamiltonian, eqs. (6) and (7),Ín a zero order BF basis (13) which is 
degenerate with respect to the "unperturbed" hamiltonian: 
2 2 
Hn - - - ^ Έ - Ц 1 1 + bS 2 + S V.(R)P.(cose) (H) 
0 2 y R
 3R2 - λ-0.2 λ λ 
with eigenvalue : 
E0 = <" TSR Ъ R>û + 2b + <V0(R)>0 - Ì <V2(R)>0 - ev -0 + 2b (,5) 
where ζ. У(. denotes the radial ground state expectation value over Ф 0(Н). 
The perturbation matrix elements are, using (8), with В « ^ B(R)>
n
 - <R \/2v' 
<IÍ M¿ S M¿ K'FM p l B Í R ) ^ - ^ ) 2 ^ Mjj S Ms KFMp) = 
diagonal: в F (F + 1) + Β Ν (Ν + 1) + Β S(S + 1) - 2B К 2 + 2В lyfg (16а) 
off-diagonal: B[F(F + 1) - К(К ± 1) ] 4 [S(S + 1) - Мд(Мд ± 1) ]* (1бЪ) 
(M¿ - Mg ± 1) 
(К' - К ± 1 ) 
<N M¿ S M¿ К' FMply X0(3S2 - £ 2 ) | N M,, S Mg K F M p ^ 
χ ,
Α
ο ^ / Ν 2 N \ / S 2 s \ 
diagonal: | X 0(-1)N + S-K ( ( ) < N | | C 2 | | N X S | | N 2 | | S > (17a) 
\"*н 0 V\Ms 0 M s / 
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off-diagonal: /Ν 2 N \ / S 2 S \ 
(-M¿ = ^  - ±1) | x 0 ( - i ) N + s Í J Í Ì < N | | C 2 | | N > < S | | U 2 | | S > 
( K' = к = о ) ( 1 7 ь ) 
The latter matrix elements can be derived by expanding the BF spin hamiltonian: 
3S? - S 2 - Σ (-1)q C, (θ,φ) U, (S) (18) 
ζ — 2,q ¿,-q — 
in terms of second rank tensors [5] and using the Wigner-Eckart theorem til]. The 
reduced matrix elements are: 
N' J / N' 2 N \ 
<N,||C,||N>- (-1)" [(2N' + 1)(2N+0]S I ) 
ί
 \o о 0 / 
(19a) 
and 
<S||U2||S> = [(S(S+1)(2S-1)(2S+1)(2S + 3)]4 (19b) 
The larger round brackets denote 3-j symbols [11]. 
Thus, the (first order) secular matrix for the 6-dimensional zeroth order 
space (13) can be calculated. All the terms are diagonal in К (К' • К) except 
for the "Coriolis" terms (16b). In first instance, I shall neglect these terms, 
making К a good quantum number and the secular matrix diagonal, except for 
the element (17b) between the two К » 0 basis functions. These basis functions 
are connected by inversion symmetry and by adapting the basis to this symmetry 
according to eq. (12), using the quantum numbers |к| and p, the secular matrix 
becomes completely diagonal. The first order results, summarized in Table 1, are 
extremely simple. Still, they are very interesting as they show that the eigen­
value spectrum of 0_X complexes in the low energy region consists of 4 rotational 
ladders: e. + BF(F + 1), i - 1,2,3,4 with В - <B(R)>0 being the O.X end-over-end 
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Table 1. Results of the first order model 
i eigenstates |N,M^;S,M ;K,F> |κ| (-1)P total first order energy, 
(multiplicity 2F+1) parity relative to ground 
level 
1 •^(|1,1;1.-1;0,F>+ |I,-1;1,1;0,F» 
2 ^(|1,1;1,1¡2,íN ± |1,-1;1,-1;-2,F.» 
3 -^(|1,1;1,0;1,F>± [ 1 ,-1 ; 1,0;-1 ,F» 
A 72(|l,l!l,-1;0,F>- |1,-1;1,1;0,F» 
0 
2 
1 
0 
+ 
± 
± 
-
- ( - i ) F 
T ( - I ) F 
T(-1) F 
( - i ) F 
BF(F+ 1) 
| X 0 - 4 B + B F ^ 
| λ 0 + BF(F+ 1) 
| λ 0 + BF(F+ 1) 
4 1 
rotational constant. Each ladder (i) corresponds with a definite ( |κ| ,p) quantum 
number and the ladders start at different rungs, since the quantum numbers F 
labeling the "rotational" levels, must satisfy the relation F 2 |κ|. The lowest 
(i - 1) and the highest (i = 4) ladder, both with К » 0, have levels of definite 
parity, alternating with F, while the rungs of the middle two ladders (i - 2,3), 
|K| » 2 and |K| = 1, are doublets of both + and - parity. 
Actually, these doublets will be split by the off-diagonal Coriolis terms 
(16b) which I have neglected so far.For the |к| - 2 ladder this splitting will be 
very small as there is only direct coupling with the |к| - 1 states, which yields 
equal shifts of the + and - levels. The |к| • 1 states mix with К - 0 states (of 
the same F and parity) and since the + and - states of the latter (for a. given F) 
belong to the two different К - 0 ladders, one obtains a splitting of order 
2 -1 -1 
В F(F+1)S(S+1)[(ε, - e ) - (ε, - ε.) ] (the sign of this splitting alternates 
with F). 
This model predicts the complete structure of the eigenvalue spectrum of 
O.X complexes in the range between 0 and 200 GHz. The fine-structure transition 
frequencies can be obtained from the differences between these eigenvalues and the 
(dipole) selection rules [1]: AF - 0 or 11, ± •**• ± for magnetic dipoles, ± *• + for 
electric dipoles. Looking at the results of Tennyson and Mettes [1], one can ob­
serve that, indeed, accurate numerical calculations for O.Ar yield a spectrum of 
this shape for both empirical potentials [3,4]. This is clearly shown in fig. 1. 
Table 1 of reference [1] contains the frequencies of transitions between the differ­
ent ladders as well as transitions within the same ladders. From the splittings 
within the ladders one can deduce that В - <B(R)^Q equals 1.97 GHz for the PV po­
tential [4] and 2.04 GHz for the MG potential [3], which corresponds with an 
average O.-Ar distance of <R У » 3.78 Â and 3.71 Â, respectively. The splittings 
between the ladders are found to be (e. - 0 ) : ε. = 39.6 GHz, ε. • 99.6 GHz and 
ε^ - 111.8 GHz for the PV potential and ε 2 - 39.4 GHz, ε 3 - 101.3 GHz and 
ε, - 112.3 GHz for the MG potential, whereas the first order model predicts: 
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Labeling : F, parity 
10-
9 + 
8-
7 + 
6-
5 + 
3 + 
2 -
1 + 
0 -
|K| = 0 
ρ even 
-9 + 
- 9 -
8 -
•β + 
7 + 
' 7 -
6 -
•6 + 
•5 + 
• 5 -
-k-
'k* 
-3 + 
- 3 -
- 2 -
2 + 
Ρ 
K|=2 
even 
odd 
Ρ 
км 
even 
odd 
7 + 
7 -
6 -
6 + 
5 + 
5 -
k-
l* + 
3 + 
3 -
- 2 -
2 + 
1 + 
1 -
p odd 
6 + 
5-
k + 
3-
2 + 
1 -
0 + 
FÍR. 1 tine-structure levels of 
0„Ar calculated by 
Tennyson and Mettes (1), using the 
PV potential (4). The separation of 
their spectrum into 4 rotational 
ladders according to the approximate 
quantum numbers |Κ| and parity 
indices ρ is based on the present 
model. 
4 3 
ε. - 39.7 GHz, ε. - 71.4 GH and ε, - 95.2 GHz, independently of the potential 
(provided that ^ V-(R)^
n
 is sufficiently large to make (13) a good zeroth order 
basis). Although the agreement is not unsatisfactory, considering the crudeness 
of the model, it can still be improved significantly via simple 2 order correc­
tions. 
JJ. Second order model 
In order to obtain not just qualitative, but also quantitative, agreement 
with the accurate calculations by Tennyson and Mettes [1], for the splittings 
between the 4 ladders, the first order model should be extended. Moreover, this 
will tell us how sensitive these splittings are to the anisotropy of the poten­
tial. 
The zeroth order eigenstates and the first order eigenvalues (Table 1) can 
be improved by the admixture of higher unperturbed states. The dominant excited 
states are probably the states with N « 1, M^ » 0, which lie above the ground 
state by -ξ (v (R)> et 360 GHz (see preceding section), and the N - 3 states which 
are higher than the N « 1 states by 10 В - 431 GHz. The next higher, N - 5, states 
correspond with an excitation energy 28 В - 1207 GHz, which is considerably higher 
again. Moreover, the N » 5 states are not directly coupled to the ground (N - 1) 
state. 
Both the N - 1, MJJ - 0 and the N - 3, Mjj • 0,±1,±2,±3 excited states (Mg = 0, 
±1) are coupled to the ground state by the spin terms Hf. (7), while the N « 3, 
Tí. = ±1 states are coupled by the anisotropic potential V-ÍR) P-^osB) as well. 
Using first order perturbation theory [6] for the wave functions and second order 
expressions for the energy levels, the corrections can still be done analytically, 
see Table 2. The coupling matrix elements are: 
^ ' M¿ S M¿ FMplv^R) Р2(соэ ) IN Н^ S Mg ГМр> 
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<v (R)> δ δ (-i) ^ I ) < N 4 | C 2 | | N > (20) 
2 0
 " N · 1 ^ M S ' M S \-K, O M/ 2 
and: 
< N ' M ¿ S M ¿ F M F | H f . n e | N M N S M s F M F > -
( Ν' 2 Ν > Ν'+Β-Μ-,-Μ! / Ν N X / S 2 SX (-о * s 6V,V\ ) [ _ V N ' i l c 2 l l N > < s l l u 2 l l s > 
(21) 
with the reduced matrix elements given by (19). 
The same correction procedure can be used for pure 0,. The first order model, 
in this case (Hund's coupling case b [5,6]), corresponds to taking a basis composed 
of spherical harmonics Y„ „ (θ,φ) with N - 1 and spin functions „ „ with S « 1, 
N.MJJ S,MS 
coupled to |J M У with J • 0,1 and 2 and calculating the expectation values of 
H^ .. (7). The second order energy corrects for the admixture (also via H„. ) of fine ы fine 
N = 3 functions,again coupled with S = 1. This affects only the J - 2 level; the 
correction is usually done by solving a two-dimensional secular problem [5,6]. 
From the results given in Table 3, it is evident that second order perturbation 
theory gives quite accurate results too. 
For 0.X the results are shown in Table 4. Substituting reasonable values for 
the anisotropy parameter V, = КуЛЮУ^ in O-Ar into the expressions of Table 2 
yields quantitative agreement between the second order model splittings and the 
accurate numerical spectra calculated [1] from the empirical potentials [3,4]. 
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Table 3. Second order model results for 0, 
(1) Al) (О (2) 
ε ε ε +ε exact experi-
splittings mental 
from ÍL. [5] fine 
- — λ
2 
e(J=2) - e(J-O): -Ι λ - 71.4 GHz — — — - - -7.9 GHz 63.5 GHz 63.2 GHz 62.5 GHz 
U
 10b 
e(J-1) - e(J-O): 2 λο " 1 1 9 · 0 G H z 0 1 1 9 · 0 G H z 1 1 9 · 0 G H z ^ 8 · 8 G H z 
Table 4. Second order model results for O^Ar 
(splittings between the 4 ladders in GHz) 
e ε + ε for: accurate dynamical 
'2 "1 
V 2 - 450 , 600 , 750 , 900 GHz with PV with MG 
calculations [1] 
 
potential [4] potential [3] 
ε,-ε4*
)
 39.7/39.4 41.7/41.4 41.2/40.9 40.8/40.5 40.5/40.2 
71.4 92.3 95.5 98.0 99.9 
95.2 110.5 111.2 111.8 112.3 
39.6 
99.6 
111.8 
39.4 
101.3 
112.3 
calculated with В - 1.97 and 2.04 GHz for the PV and MG potentials, respectively. 
Conclusion 
From a very simple, first order, model (see Table 1) I have derived the 
general structure of the fine-structure spectrum in 0„Ar (see fig. 1). Although 
the O.-Ar interaction is a weak Van der Waals bond, this spectrum is fundamentally 
different from the pure 0. spectrum (cf. Table 3). The differences are shown to 
be caused by the partial quenching of the free 0. rotations by the anisotropic 
O.Ar interaction potential. This anisotropy makes the projection |κ| = |м+М_| 
of the 0. angular momentum J^  = N + £ on the O.Ar-axis a (nearly) good quantum 
number, rather than the total diatom angular momentum J. The fine-structure spectrum 
thus obtained is typical for a T-shaped 0,X (X = rare gas atom) complex. For the 
linear case, if it exists, one can easily work out a similar model. 
Adding (still analytical) second order corrections (Table 2) to the energy 
level splittings yields quantitative agreement (see Table 4) between the model 
spectrum and the data from accurate dynamical calculations [1], which have started 
from two different empirical anisotropic 0-Ar potentials [3,4]. The model 
shows explicitly how the transition frequencies depend on the strength of the 
anisotropic potential V, = (V-(R))>n and the value of the end-over-end rotational 
constant В » <B(R)>0 » <R Х/
2
У·
 T h i s will be useful for interpreting the expe­
rimental O.Ar fine-structure spectrum which is currently being experimentally studied 
[2]. If one wishes to exploit the full precision of the experimental beam resonance 
data, one should still perform accurate numerical calculations, such as those by 
Tennyson andMettes [1]. However, it will probably be necessary also to improve the 
existing empirical potentials, for instance by the inclusion of higher anisotropic V 
terms. The secular problem to be solved is simplified and convergence can be acce­
lerated by using a body-fixed basis of the type (13), including higher rotational 
N = 3,5,... and stretch vibrational (φ (R) with γ =1,2,...) components 
(rather than the space-fixed basis (5) with stretch functions χ (R) derived from 
the isotropic potential [1]). 
4 9 
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ABSTRACT 
A novel method of general applicability is presented for the 
experimental determination of rotational temperature in a molecular 
beam, which is based on measurements of beam intensity versus 
stagnation pressure for both total flow and a single transition. 
Illustrative results are presented for r.f. and microwave transitions 
of 1 60 1 60 
52 
INTRODUCTION 
Measurement of rotational molecular beam temperature is often difficult 
because «hen a comparison of the relative intensities of either two 
microwave or two radio-frequency lines is to be used for this purpose, 
then knowledge of the relative transition strengths is needed if a weak 
unsaturated absorption is employed. These difficulties are essentially 
circumvented by the use of a pair of saturated transitions (if saturation 
is possible) but even then difficulties arise in accurate temperature 
measurements due to the problem that slightly different trajectories in 
the molecular beam machine (electric beam resonance - EBR, and magnetic 
beam resonance - MBR) are taken by molecules in the two associated 
quantum states, for which a correction should be made L'J· ^1 experi­
mental method is reported in this paper that bypasses the difficulties 
of a comparison of relative intensities of two or more spectral lines. 
Although the temperature measurement method discussed here is based on a 
single spectral line, it is neither necessary to know its matrix elements, 
nor to saturate the transition in an experimental measurement. The experi­
mental procedure necessitates measurements of the relative beam intensities 
for both the total flow of molecules and those molecules which undergo a 
resonant transition, as a function of the stagnation pressure. This routine 
may be applied to radio-frequency, microwave and, in principle, also laser 
transitions. 
Other methods for temperature measurements are based on e.g. energy 
balance ^2] , IR-fluorescence ^ З ] , Raman-effect [4,5^, laser induced 
fluorescence ^,7], electron fluorescence ^ 8 ] , infrared absorption ^9] , 
molecular beam electric and magnetic resonance spectroscopy Q,10j and 
masers Q l] . 
As an example, results for the oxygen molecule are presented using both 
r.f. and 60 GHz transitions of 1 60 1 60. (The microwave transition is 
facilitated by the use of a widely tunable semi-open resonator whose 
properties are described in detail in the appendix). Previous work 
performed with the present MBR-machine (state selection for collision 
measurements, H. dimer spectroscopy) can be found in (J0,12,I3, 14]; 
Zeeman spectra of the 0,-Ar complex are being measured at this moment. 
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THE EXPERIMENTAL METHOD 
The detected signal I of bean intensity probes a certain energy level, 
with quantum numbers (N,J) in the case of 0.. The intensity I may be 
factorized into two functions; the first is proportional to the total 
flow of molecules F, the second is the relative population of the energy 
level (N,J). Thus 
I(N,J,P0) <· F(P0) exp(-E(N,J)/kT(Po))/Z (I) 
where Ζ i s the p a r t i t i o n function, which for the case of 0_ i s given by 
Ζ - Σ Σ (2J I + 1)exp(-E(N ,,J')/kT(P ) ) (2) 
N ' - 1 , 3 , . . . J ' - N ' - l . N ' . N ' + l 0 
where Τ is the relevant temperature and P. the stagnation pressure. 
The beam intensity I is measured as a function of stagnation pressure 
using lock-in detection and chopped transition-exciting radiation. The 
total molecular beam flow F (or a quantity proportional to F) is measured 
as a function of P. using a mechanical chopper and lock-in detection. 
From the ratio of the experimental functions KP.) and F(P0) a function 
is obtained which henceforth is referred to as X - I(P0)/F(P0) and which 
is proportional to the population of the level (N,J). Examples of such 
functions X can be seen in figure 1, each of which displays a single maximum. 
For a thermal distribution the fractional population η of the (N,J) level 
as function of Τ can be caculated from 
n(N,J,T) - exp(-E(N,J)/kT)/Z (3) 
Examples are shown in figures 2 and 3. Comparison of X with η yields Τ 
as a function of Ρ . The maximum of the experimental curve X(P
n
) is 
found at the stagnation pressure Ρ - Ρ'; the maximum of the theoretical 
curve n(T) is found at the temperature Τ • Τ'; thus for the stagnation 
pressure ?'„ the rotational temperature is T' . For half maximum values 
the procedure is similar. This method assumes a thermal distribution 
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figure 1. Experimental plot for the two r.f. and single microwave 
transitions. The microwave result shows its maximum at a 
PQ value in between the PQ values of the maxima of the r.f. 
results (probing final and initial levels of the microwave 
transition). 
€(N.1.1.1^ e-E(N=1,J=2)/kT 
figures 2 and 3. Theoretical plot, occupation of (N=1, J=l) resp. (N=1, J=2) level. 
for the degree of freedom considered. In certain cases some authors found 
a non-thermal behaviour within a single degree of freedom (e.g. rotation) 
[3,6,9,10,1 IJ ; for these, obviously, our method fails. 
The result might be influenced by a varying velocity distributions of 
the beam for different P^ values. To check on this point a mechanical 
velocity selector was used, and from the experimental results it was 
concluded that for 0- molecules within the range of Ρς taken, the influence 
of a varying velocity distribution was well within the error of the tem­
perature measurements. A sure way to avoid this effect, e.g. in case of 
polyatomic beam molecules, would be to select a certain velocity group 
of molecules during the measurements. A velocity selector also serves 
to avoid Mach number effects. 
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THE MSR MACHINE 
The magnetic-beam-resonance apparatus is shown in figure 4. Its main 
features will be described briefly. The molecular beam originates from 
a supersonic expansion through a nozzle of 100 um diameter. At the 
other end of the machine the molecules are ionized by means of electron 
bombardment, then mass selected by a quadrupole mass filter and finally 
measured by a particle multiplier. Between the gas source and detector 
the state selecting and transition regions are located. These consist 
of the А, В and С fields. The A and В fields are Rabi-type deflecting 
magnets; the С field consists of a homogeneous magnet containing either 
a radio-frequency coil or a microwave cavity. Two slits are placed on 
the beam axis; the one 800 um wide is placed inside the С field and the 
other 1600 \m wide is located at the detector entrance. The A and В 
magnets have opposite field gradients. The beam machine is operated in 
the flop-out mode QsJ 
In order to use phase-sensitive detection the molecular beam is modulated 
by one or other of two complementary techniques. One of these is with a 
mechanical beam chopper, which interrupts the beam periodically. The 
other uses amplitude modulation of the r.f. or microwave radiation. With 
the former method the total beam flow F is measured. The latter method 
is used to probe the change in intensity due to a given r.f. or microwave 
transition. The r.f. transitions (- 40 kHz linewidth) are induced by 
the r.f. magnetic field of a coil of which the axis is coaxial with 
the beam; for the microwave transitions (- 30 kHz linewidth), a compact, 
semi-open resonator is used. Details of the construction of this 
resonator are given in the appendix. 
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С magnet 
chopper 
sk2 
A magnet 
vO" 
quadrupole 
mass filter 
RF В magnet D 2 
figure 4. Schematic diagram of the apparatus; sizes in era; sk, skimmer; 
RF, radio-frequency coil; Dl, 800 um C-field slit; D2, 1600 urn 
detector slit. The microwave cavity can be exchanged for the 
RF coil shown. 
APPLICATION OF THE METHOD TO THE 0. MOLECULE IN THE GROUND STATE 3E~ 
2
 g 
The 0, molecule has no hyperfine structure because O 1 6 has zero nuclear 
spin. The angular momentum N of the molecular rotation couples with 
the total electron spin S=l to the final rotational quantum number J, 
with J=N,N±I. Because of the symmetry of the ground state (3Σ ) only odd 
N-states are occupied [j6j Each rotational state is a triplet of which 
the lowest level is N»1, as shown in figure 5. 
The beam temperature measurement was performed on 0. using r.f. transitions 
within the nearly equally spaced multilevel system that occurs if a 
magnetic field B, < 2 mtesla is applied in the C-field region. 
de ~ 
For these magnetic transitions the selection rules are AJs0 and ΔΜ^+Ι, 
assuming В . J_ В. . In "zero" magnetic field В -0 the allowed 
microwave transition N»I ,J=1 -«-»-N=1 ,J=2 was also used to confirm results 
with the r.f. measurements. 
The results of the measurements are shown in figures 6 and 7, where the 
influence of the 0. concentration in the seeding gas and of source 
temperature TQ can be seen. The error in the temperature measurement 
depends on the accuracy by which the maximum of the function X and its 
half maximum values can be determined, as indicated in the results 
presented graphically. The temperature Τ actually determined is the 
spin temperature Q?] describing the molecular population distribution 
within the triplet N-l; J-0,1,2. 
6 0 
Ν = 1 
J = 1 
microwave 
transitions 
J = 2 
M 
J=0 
figure 5. Energy scheme of lowest triplet of 1 б 0 1 6 0 , showing r.f. and 
microwave transitions. 
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figure 6. Plot of relevant 
rotational beam 
temperature versus the stagna­
tion pressure Ρ«. 
Gas source at room temperature. 
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figure 7. Plot of relevant 
rotational beam 
temperature versus the stagna-
tion pressure P«. 
Gas source at 232 K. 
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LIMITATIONS 
There exist some limitations to the method. In principle, the population 
of a single state is compared to the total number of molecules. 
Consequently, the extraction of a temperature becomes dubious if non-
equilibrium exists between the different degrees of freedom (e.g. 
rotational distribution, characterized by quantum number N and spin 
state distribution characterized by quantum number J for fixed N, in 
case of 0 2). Because UEN/k « 20 K, for N-] and N -3, and ¿Ej/k * 3 К 
(assuming a typical splitting of 60 GHz), within 10% the 0. temperature 
Τ determined by us corresponds to Τ ,_ if Τ > 30 К, and to Τ . if 1
 rot - * spin 
Τ < 7 К. Apart from this principal difficulty (elucidated for the 
specific case of 0.) four other limitations will be discussed. 
Firstly, the probed level cannot be the ground state, because it does 
not possess a maximum of detected relative occupation as function of P., 
neither is there a Zeeman splitting in the case of 0., therefore no r.f. 
transitions, although a microwave transition can be used. Similarly, levels 
very close to the ground state may assume their maximum at P. values which 
are too high to be realized in an experiment. 
Secondly, if the probed level lies too far above the ground state, 
the maximum cannot be attained or only with poor accuracy because it 
occurs at very low P- values. 
Thirdly, experiments based on microwave transitions may uncover a 
measurement problem because normally they probe the sum population 
of both of the levels involved (see figure 5). The uncertain machine 
detection efficiency of molecules for different levels makes the 
result of temperature determination rather unreliable (it should be 
noted that laser transitions would be free of this difficulty since 
the upper level is usually not populated). 
Fourthly, the onset of clustering brings about the difficulty that the 
determination of the total flow F becomes contaminated by cluster 
fragments. For molecular beams showing clustering the method can be 
modified in a rather elegant way in order to circumvent this last 
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figure 8. Plot of relevant 
rotational beam 
temperature versus the stagna­
tion pressure Ρ« obtained by 
the modified method, showing 
an increase of the temperature 
due to clustering at higher 
P« values. 
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difficulty. In this case it is necessary to probe two independent levels, 
that is to determine I, (P.) and 1.(7.). From the ratio Ij/^ a s function 
of P. the temperature can be derived as before, using Intlj/Ij) • 
const. - (Ei-E2)/kT, but, note, without needing information on F. The 
constant term can be determined by the unmodified method at low Ρ values 
where no clustering occurs (see figure 8). Under the condition of the 
present experiments for which P. > 1 bar, the temperature obtained by 
this modified method starts to increase rapidly with stagnation pressure, 
which is taken to indicate the onset of significant cluster formation. 
Fifthly, an error can be introduced if high stagnation prcssuroc arc 
applied; beam broadening can change the efficiency of state selection 
by beam deflection, with respect to the total beam signal. 
In contrast to all these limitations it should be mentioned that there 
is another advantage to the proposed method. Majorana flops are 
of little or no influence on the results because the fraction of 
affected molecules can be assumed to be constant. 
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CONCLUSIONS 
The method described offers the possibility of an easy measurement 
of an internal beam temperature. 
Results with the molecule 0. show the expected lower beam temperature 
for mixtures with a lower 0_ percentage. Even under conditions of heavy 
beam condensation, a slight modification of the method allows a deter­
mination of the internal beam temperature; a significant rise for 
increasing Ρ values is observed. 
0 
For the 60 GHz microwave (magnetic) transition, a compact, semi-open 
resonator was constructed with an especially wide mechanical tuning 
range. A high Q value of 8700 permitted saturation of the microwave 
transition. Already for a klystron power of 50 mW^  saturation has been 
achieved. 
The 0. results reported in this paper are in agreement with the spin 
temperature as determined by an independent method developed by Amirav 
et al (JTJ Two Raman measurements of the rotational temperature in an 
0» molecular jet, L5,18J yield values at nozzle distances < 10 
nozzle diameters; the lowest values reported are about 10 K. Taking 
into account that these values do not yet correspond to terminal ones 
of a complete expansion, see for instance [АД, there is no contradiction 
with the lower values reported in the present paper. The first 
determination of T
r o t, D
9J» yielded the terminal value of 30 K, 
for a 250 pm 0 nozzle and low stagnation pressure, Ρ =180 torr, 
о 
in a pure 0. beam. 
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Appendix: The semi-open nnn-wave resonator 
Although the cavity developed in the course of the experiment did not play 
the important role anticipated, we think it worthwhile to convey the experience 
gained. 
The experimental requirements placed on a nm-wave resonator operating 1n 
the 60 GHz spectral region for use with oxygen molecules in a MBMR spectrometer 
are quite severe. Firstly, with an expansion cooled beam of oxygen, most of 
the spectral lines of interest lie between the frequencies of the 1 transition 
at 56.27 GHz, to the 3" transition at 62.48 GHz. This spectral range contains 
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all lines with N = 1 to 13 (N odd for 0 2), with the exception of N = 1 which 
lies at approximately 119 GHz. Thus the tuning range required is about 6.5 GHz. 
Secondly, since oxygen is strongly paramagnetic, the magnetic C-field of the 
spectrometer needs to be rather homogeneous to secure narrow spectral lines. 
This requirement limits the magnet gap width into which a tunable mm-wave 
resonator may be placed. Thus the resonator, together with its tuning mechanism 
must be particularly compact. Thirdly, the resonator must be sufficiently open 
in its construction to allow the molecular beam free passage through it, yet it 
must retain a high Q value so that the maximum transition probability for 
the oxygen transitions can be secured with im-wave sources with a power output 
of 100 mW or less. Furthermore, the modes must be well spaced in frequency to 
avoid line distortion phenomena. 
The type of cavity mode desired for MBMR spectroscopy is one for which a 
single maximum of the magnetic component of the radiation field exists along 
the beam trajectory. If more than one maximum is allowed, every spectral line 
is split into two by the longitudinal Doppler effect. Moreover, the type of 
mode employed and its configuration with respect to the field of the C-magnet 
will determine whether ΔΜ = 0 or ± 1 transitions, or both, are excited. The 
requirements of a suitable mode together with high Q and wide tuning range 
have been met by the adaptation of the semi-open resonator of the type discussed 
by Krosta. Qîojînd by Legrand et al. [21] for bulk gas spectroscopy, to a miniatu-
rized form suitable for molecular beam work. 
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A simplified diagram of the resonator is shown in Figure 9. I t takes 
the form of a hybrid of a waveguide structure and a Fabry-Perot resonator in 
which one mirror is curved cyl indrical ly, and the other plane. The waveguide 
structure comprises two conducting plates (which i f suitably insulated electr ical ly 
can also be used to form a Stark c e l l ) . The radiation f i e l d intensity is gaussian 
in a direction parallel to both the plane mirror and the 
molecular beam axis, and sinusoidal between waveguide f l a t s , in the direction 
perpendicular to the beam. The lowest loss mode is TE,- which is excited by 
a waveguide located in the f l a t mirror. The spatial f i e l d configuration for this 
mode relative to the quasi-static f i e l d B. of the C-field magnet is indicated 
in Figure 9. Since the radiation f i e l d B „ has components both parallel and 
ac 
perpendicular to Bj , Zeeman transitions corresponding to ΔΜ = 0, ± 1 may be 
expected to occur. The microwave magnetic field however, is a maximum at the 
beam, with В parallel to B. so ΔΜ = 0 occurs preferentially. 
The general conditions of resonance and a discussion of other features 
of the TE
n r n a
 mode cavity are given by Krosta Π20]· In the cavity described 
below, η = 0, m = 0 and q, the longitudinal mode number, is either 4 or 5. 
A brief account follows of the constructional details of the cavity based 
on the sketch shown in Figure 9. A pair of surface ground OFHC copper wave­
guide flats 6.3 χ 25.3 χ АО.2 im were spaced 6.4 mm apart by a matched pair of 
blocks fabricated out of Corning machinable glass-ceramic. Holes were machined 
out of these blocks to give free passage of the molecular beam lengthwise 
through the cavity. The blocks were channelled on the inside to accommodate 
a fixed brass reflector at the bottom and a cylindrically curved brass reflector 
at the top. The latter reflector was made to slide freely up and down the 
guiding channels in the glass-ceramic blocks. The radius of curvature of the 
mirror was 180 mm. The distance between flat and curved mirrors could be adjusted 
within the limited headroom available by an eccentric drive shaft parallel to 
the longitudinal axis of the resonator, which was set to its angular position 
by a suitably geared shaft from outside the vacuum system. The channelling 
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of the glass ceramic used to locate the mirrors also provided electrical 
isolation between reflectors and waveguide plates. Whilst the Stark cell facility 
not used in the present work, it could be valuable in certain types of 
experiments. The waveguide was inserted into the mid-point of the flat 
resonator, thereby exciting the principal mode TE,» , with q = 4 or 5. The 
coupling hole was drilled through a wall 0.5 inn thick of diameter 1.4 mm. 
In order to retain a high Q value, the cavity was undercoupled and gave a 
reflection coefficient of 0.3 when tuned to the principal mode TE... This 
coupling served for the full tuning range required. 
The cavity modes were explored by means of a thin sliver of paper inserted 
through the gap between waveguide' flats and the sliding curved mirror. Movement 
of the sliver 1na longitudinal direction at various depths produced visible 
variations of the cavity mode amplitude and freqency, when displayed on an 
oscilloscope, due to losses introduced via damping of the electric field component 
of the inn-radiation field within the resonator. The desired TE.« mode was 
identified through the single reduction of cavity resonance amplitude as the 
paper sliver was moved from one end of the resonator to the other. Many other 
modes were also found, corresponding to 1, 3 and 5 Ε-field maxima along the 
resonator axis (modes TE. , TE. , ... m = 0, 2, 4 .... q = 4 or 5). 
The spatial extension of the radiation field in a longitudinal direction 
was also explored by the same method; in the present resonator the mean length 
of the effective interaction region was found to be about 25 mm. 
Since the temperature coefficients of brass and machinable glass-ceramic 
used were 1n the ratio of 2 : 1 the differential thermal expansion of brass 
and glass-ceramic for the dimensions used was close to zero. The measured 
temperature coefficient of tuning was < 300 kHz K" . Thus, thermal stabili­
zation was not considered necessary. 
The tuning as a function of spacing between resonator reflectors was 
5.2 GHz inn" . Thus, by the use of the maximum permissible displacement 1n the 
7 0 
present design, a mechanical tuning range of 55-68 GHz was obtained for the 
principal mode TE.« , which covered the full spectral range of interest. Fine 
tuning of 0 - 30 MHz was effected without serious degredation to the resonator Q 
("v 8700 at 60 GHz), by applying pressure to the coupling waveguide, thereby 
flexing the nominally f lat reflector. 
When the resonator was used in the MBMR spectrometer in the lowest order 
mode, with optimal excitation for maximum signal a transit-time limited linewidth 
(FWHM) of ^ 30 kHz at 56.27 kHz (N = 1 + line) was obtained with a signal-to-
noise ratio in excess of 50 : 1. 
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M' 
Sketch of tunable mm-wave semi-open 
cavity resonator with exploded view 
to show method of assembly. 
Key: GC - glass ceramic blocks; MM' - molecular 
beam; AA' - waveguide flats; H - curved reflector 
with adjustable vertical position; WG - 60 GHz 
waveguide; B. - magnetic flux of MBMR spectro­
meter C-field; В and E related to the reso-
ac ac 
nant microwave cavity resonator fields. Eccentric 
rod tuning mechanism for vertical movement of 
curved reflector not shown. 
ACKNOWLEDGEMENT 
The authors are grateful for the technical support received at Nijmegen 
from messrs. C. Sikkens, L. Hendriks, F. van Rijn, J. HoItkamp, and 
H. Clephas for skilful assistance. Thanks are also due to Mr. E. Greasley 
at Keele for the development of the tunable microwave resonator. 
Finally acknowledgement is made of the financial support of NATO in 
the provision of a travel grant (grant no. 139.80) for one of us 
(Derek Lainé) which made this collaborative project possible, and the 
Stichting voor Fundamenteel Onderzoek der Materie (FOM) for supporting 
this project financially, 
7 3 
LIST OF REFERENCES 
E Q W.L. Meerts, G. ter Horst, J.M.L.J. Reinart ζ and A. Dymanus 
Chem. Phys. 35 (1978) 253 
[2^ P. Poulsen and D.R. Miller 
Prog. Astronaut. Aeronaut. 5^ (1977) 899 
K. Winkelman, Rarefied Gas Dynamics 
Proc. Int. Symp. JJ_ (1979) 899 
Сз] S.P. Venkateshan, S.B. Ryali and J.B. Fenn 
J. Chem. Phys. 77 (1982) 2599 
[A] G. Luijks, S. Stolte and J. Reuss 
Chem. Phys. 62 (1981) 217 
[53 H.P. Godfried, 
Thesis (1982), Municipal University of Amsterdam 
^б] R.E. Smalley, L. Wharton and D.H. Levy 
J. Chem. Phys. 63 (1975) 4977 
С7] P.J. Dagdigian 
J. Chem. Phys, 64 (1976) 2609 
^ ] M. Faubel and E.R. Weiner 
J. Chem. Phys. 75 (1981) 641 
£9] D. Bassi, A. Bosschetti, S. Marchetti, G. Scoles and M. Zen 
J. Chem. Phys. 2І (1981) 2221 
QoJ J. Verbeme, I. Ozier, L. Zandee and J. Reuss 
Mol. Phys. 35 (1978) 1649 
[j Q S.G. Kukolich, D.E. Gates and J.H.S. Wang 
J. Chem. Phys. 6^ (1974) 4686 
LI2] L. Zandee and J. Reuss 
Chem. Phys. 26 (1977) 327 
Lis] J. Verbeme and J. Reuss 
Chem. Phys. 50 (1980) 137 
Chem. Phys. 57 (1981) 189 
L'A] M. Waayer, M. Jacobs and J. Reuss 
Chem. Phys. 63 (1981) 247, 257 and 263 
Qs] N.F. Ramsey, "Molecular beams" 
Oxford University Press (1956) 
[j6j Mizushima, "The theory of rotating diatomic molecules" 
John Wiley & Sons Inc. (1975) 
Q73 A. Amirav, U. Even and J. Jortner 
J. Chem. Phys. 73 (1980) 4217 
7 4 
[l β] Ρ. Huber-Wälchi and J.W. Nibler 
J. Chem. Phys. 76 (1982) 273 
[\9] K.J. Gallagher and J.B. Fenn 
J. Chem. Phys. 60 (1974) 3487 
[20J A. Krosta, "Realization d'un résonateur microonde plan-cylindrique 
entre conducteurs plan-paralleles". 
Univ. Lille, France (1977), Doct. thesis, order no. 653 
QüJ J. Legrand, В. Segard, Α. Krosta and В. Маске 
Rev. Sci. Instr. 49 (1978) 256 
7 5 
Magnetic spectra of the dimer Ο^,ΑΓ 
J. Mettes , В. Heijmen , Ρ. Verhoeve , D.C. Lainé and J. Reuss 
Fysisch Laboratorium, Katholieke Universiteit 
Toernooiveld, 6525 ED Nijmegen, The Netherlands 
** 
Physics Department, University of Keele, 
Keele, Staffordshire ST5 5BG, U.K. 
76 
ABSTRACT 
MAGNETIC SPECTRA OF THE DIMER OjAr 
With the magnetic beam resonance technique, magnetic r.f. transitions in weak 
fields (B=2.81 Gauss) have been measured for expansion cooled O-Ar dimers. 
These dimers are T-shaped, due to the anisotropic forces forming a rotational 
barrier (20 cm ). Spin interactions yield four end-over-end rotational 
ladders, starting at 0 GHz, 39.6 GHz, 99.6 GHz and 111.8 GHz. The end-over-end 
B„ constant amounts to about 2 GHz, corresponding with an 0„-Ar 
distance of 3.71 Â. Only for the levels of the second ladder there are 
significant magnetic transition dipole moments which contribute to the observed 
spectrum. To measure the spectrum, particle counting techniques have been 
applied to render beam signals as low as 1 count/s significant. The 
experimental set-up, an assignment of the spectra and a best fit value for the 
rotational barrier, obtained from a simple analytical model, will be discussed. 
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INTRODUCTION 
The magnetic-beam-resonance apparatus shown in fig. 1 was used for the 
spectroscopic measurements on the paramagnetic system O-Ar. The molecular 
beam originates from a room-temperature source by means of a supersonic 
expansion through a nozzle. We used the so-called Rabi setup containing a 
single r.f. coil located in the C-field region. The measurements were done in 
non-zero magnetic field in order to achieve a Zeeman splitting. When moderate 
magnetic fields are applied one obtains an equidistant multilevel-system with 
the possibility to make transitions within such a system (see ref.l where 
similar transitions are used for spectroscopy on the para-magnetic molecule 
oxygen). 
Molecules, which undergo a transition in the C-field region and thereby change 
their magnetic moment are flopped out of the molecular beam by virtue of the 
B-magnet yielding a beam-signal attenuation. 
In order to measure phase sensitively we can dispose of two modulation schemes. 
One technique employs a mechanical beam chopper, which interrupts the beam 
periodically; the other technique uses amplitude modulation of the r.f. 
radiation. With the former method one measures the total beam; it is used to 
optimize the molecular beam. The latter method only involves those molecules 
which make an r.f. transition and is used for spectroscopic purposes. The 
possibility to supply a noise-broadened high-power r.f. signal to the С field 
coil appeared to be very useful. Many possible transition frequencies of the 
r.f. spectrum are irradiated simultaneously and yield transitions starting from 
different initial states. The beam attenuation caused this way, is a good tool 
to check the conditions for spectroscopic measurements. Normally (without 
noise-broadening) one obtains a spectrum that rises out of the noise after many 
hours of measuring. At the detector arrive 150 counted O.Ar dimers per 
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quadrupole 
mass filter 
magnetic-beam resonance 
apparatus. Typically, the source 
was operated at Τ
η
«297 К, for a 
10 percent 0„ in Ar mixture at P
n
=850 mbar. The molecular 
beam passed through skimmers 1 & 2, to be deflected and 
redeflected by the A- and B-magnet. The collimators Dl 
(800 \m wide) and D2 (1600 um wide) define the molecular beam width. At the detector, the beam height amounted 
to θ mm. In the transition region, a magnetic rf-field along the beam axis and a DC-field perpendicular to it were 
applied. Detection was effected by an electron bombardment ionizer (electron energy 100 eV) followed by a quadru­
pole mass filter. The indicated distances are in cm. 
second (detected on the O-Ar mass). From this amount we are able to 
detect attenuations as small as 1 count per second as a significant signal (1 
hour/channel). 
We also tried to do spectroscopy on 0~Ar with an Electric Beam Resonance 
machine but failed to focus the beam as the negative Stark-effect dominates. 
Our prognosis of the electric focussability of O.Ar (estimated electric 
dipole moment 4 mD, see theoretical section) probably was too optimisticj other 
experiments on CH~D and CH,CD, with a supposedly equally weak 
dipole-moment have been succesfully performed on this machine, however (2,3). 
The theory consists of two parts. First, a numerical approach (4) using a 
semi-empirical potential in a space fixed coordinate system yields 
energy-levels, Zeeman-splittings and the partition function for different 
temperatures. The partition functions enabled us to estimate the order of 
magnitude of the signals to be expected, under the assumption that the 
temperature of the dimers is equal to the temperature of the 0- in the beam 
(for measurements of the oxygen temperature of the beam, performed with a novel 
method, see ref.5). Secondly, an analytical approach has been developed based 
on perturbation theory and using a body-fixed coordinate system (z-axis lying 
along the 0--Ar axis); analytical expressions for the energy levels were 
obtained which contain 2 dimer parameters, the oxygen-argon rotational constant 
B_ and the rotational barrier V_, both averaged over the groundstate, 
see ref.6. This model has been extended hereafter with the Zeeman terms 
leading to an analytical expression of the Zeeman-spectrum as a function of 
v 
A multiproperty analysis has been performed by Pirani and Vecchiocattivi (10) 
8 0 
resulting in a semi-empirical potential for the system 0_-Ar of the form 
V0(R) + V (R).Ρ (соз ), where θ is the angle between R" and F. The 
vector R connects the 0„ mass centre with the argon atom, the vector r 
connects the two oxygen atoms. In our opinion, the physical backing for this 
potential is so much superior that we refrained from discussing preceding 
attempts. Confrontation with the present experiment leads us to propose a 
modification of the V_(R)-part of the intermolecular potential, at R-values 
around the minimum position of the V
n
(R)-part; the V_(R)-part is still 
strongly repulsive there, causing the 0~-Ar system to form a T-shaped 
structure (11). 
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EXPERIMENT; the MBR machine 
The magnetic-beam-resonance apparatus (figure 1) will be described briefly. The 
molecular beam expands from a nozzle of 150 un diameter. At the other end of 
the machine the molecules are ionized by means of electron bombardment, then 
mass selected by a quadrupole mass filter (tuned to CLAr ) and finally 
measured by a particle multiplier. Between the gas source and detector the 
state selecting and transition regions are located. These consist of the A,В 
and С fields. The A and В fields are Rabi-type deflecting magnets (radius of 
the convex-,concave pole piece 4.68 mm resp. S.Slmm, leaving an opening of 3.8 
mm and yielding a gradient of 5 kG/cm under typical working conditions); the С 
field consists of a homogeneous magnet containing a radio-frequency coil. Two 
slits are placed on the beam axis; the one 800 μη wide is placed inside the С 
field and the other 1600 un wide is located at the detector entrance. The A and 
В magnets have opposite field gradients. The beam machine operates in the 
flop-out mode (7). 
A beam-stop, mounted on the beam axis just before the first deflecting magnet 
(A magnet), is used for a dual purpose; it prevents the argon to enter the 
ultra high vacuum chambers (argon is hard to pump with ion getter pumps); 
further, it stops large clusters like 0~(Ar) , n»l, which might 
fragment in the ionizer to the O.Ar mass and contribute to the noise of the 
dimer signal. 
Particle counting is applied, yielding a maximal signal to noise ratio because 
influence of electronic noise, drift etc. are handled optimally. Moreover, 
fluctuations in the multiplier current do not contribute anymore. The 
82 
fluctuation of the number of particles counted per time unit has been reduced 
to the statistical fluctuation of the number of particles involved, excluding 
disturbances like the ones discussed hereafter. 
Theoretically, there is no limit to the improvement of signal to noise ratio 
obtained by the use of a transient recorder (S/N improves with the square root 
of the recording time), provided that the character of the fluctuations of the 
signal is purely statistical. In practice, we observe big disturbances that 
occur about three times per hour, appearing randomly in the spectra with 
amplitudes bigger than the signal gained after hours of averaging. This leads 
to non reproducible recording. 
Using the fact that such disturbances are easily recognizable we have written a 
computer program to remove them from the collected data. We are left with 
statistical noise and continue to gain signal to noise by measuring longer. 
This is limited only by the patience of the experimentalist or break-down of 
the machine. 
The choice of optimum source conditions is based on two factors; 
a/ A maximum ratio between the deflectable part of the total beam signal S 
measured on 0~Ar and the noise N of this signal. 
b/ A minimum temperature of the CL monomers in the beam (see ref.5 for 
these temperature measurements) In fact one wants a minimum temperature of the 
0_Ar clusters in the beam. It turns out that the O.Ar temperature is 
roughly the same as the 0~ monomer temperature. The purpose of low 
temperature is to have a high population of only a limited number of low-energy 
states of O-Ar. For the influence of the temperature on the partition 
function see ref.4. 
The procedure followed has been to choose the conditions to get the lowest 
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temperature within the region of maximal S/N, see figure 2. For a 10 percent 
0~ in argon mixture the optimum is reached at a stagnation pressure 
Р
п
«850 mBar and a room-temperature source, yielding a mixed dimer to CL-
monomer ion-ratio of 10 
The homogeneous С magnetic field is calibrated by recording the Zeeman spectrum 
of 0„ molecules. A spectrum recorded this way is shown in the figure 3. A 
number of 0- lines, see ref 1. for the identification, with known 
splittings yields the magnetic field strength. 
Different field strengths are applied to check the linearity of the Zeeman 
effect. Fig.4.shows a part of the spectrum at a higher В field (together with 
low В ). The observed structure reproduces after scaling. 
We have also tried to measure an electric transition that is calculated to be 
at low frequency, 16 MHz, in zero B-field. For this purpose a parallel plate 
capacitor was inserted in the С field region in such a way that the E field 
component of the r.f. field, resulting from an AC voltage on the capacitor was 
perpendicular to the DC magnetic С field. Thus Δ|Μ| « 1 transitions become 
allowed, the type of transitions detectable with our inachine(a change of 
magnetic moment is necessary). 
The electric transition dipole is proportional to the permanent electric 
dipole. An estimate of this permanent electric dipole moment of O.Ar gave 
the value of 3 mD, a moment induced in the argon by the quadrupole moment of 
-4 «3 the Oy ( aQ<R >; сг-1.64л is the polanzability of argon; 
—9ft 9 
Q=-0.39x10 esu.cm is the quadrupole moment of 0_ ; R=3.71 Â is 
the estimated distance between 0- and Ar). We failed to see this electric 
line. 
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Figure 2. The choice of the optimum source conditions. Total beam signal on 0~Ar (In)> signal to noise ratio (S/N) and 
deflectable fraction (a) of this signal versus source pressure (P
n
)· For I
n
, S/N and α the value 60 on the ordinate cor­
responds to about 100 counts-sec, 6 (3 sec time-constant of the lock-in amplifier) and 60 percent respectively. The 
source temperature was kept at ^ =297 K, for a 10 percent 0« in Ar mixture. 
intensity (arb. units) 
10 
figure 3. The Zeeman spectrum of 0-, at B=5.81 Gauss. 
Peak a corresponds to (N,J)=(3,3), b to (3,4), 
с to (3,2), d to (1,2) and e to (1,1), where J stands for 
the total angular momentum and N for the rotational one. 
i(hm/J\^Ml^mta^ 
loo 2000 4000 6000 8000 
frequency (kHz) 
As mentioned in (4), we originally intended to measure the fine structure 
spectrum of O^Ar. A 60 GHz microwave cavity was constructed for this 
purpose. The succesfully obtained r.f. Zeeman-spectra, however, rendered this 
measurement unnecessary. 
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THEORY; the numerical and the analytical approach in general. 
As mentioned in the introduction the interpretation of the Zeeman spectrum 
rests on two different approaches. 
The numerical approach is outlined in ref 4. 
Ro-vibrational calculations are performed on CLAr, taking into account 
coupling with the 02 electronic spin. Two different empirical potentials 
are used and they give similar fine-structure spectra (in case of transitions 
in zero magnetic-field the selection rule is ¿F=0,±1; because magnetic 
transitions are concerned there should be no change in parity). The anisotropy 
in the O.Ar potential,
 2(К)Р2(соз ), is found to strongly perturb 
the 0- fine-structure spectrum suggesting that the 0_Ar fine-structure 
spectrum and the Zeeman-spectrum can give detailed information about the 
anisotropy of the van der Waals interaction potential. Transition strengths for 
the fine-structure transitions are calculated and found to vary by two orders 
of magnitude. 
The transition frequency of the previously mentioned electric (parity changing) 
transition is calculated to be 16.2 MHz (between the the states F=2, p=+ , 
51.376Д GHz from the ground-state and F=2, p=-, 51.3926 GHz). 
Coupled spherical harmonics and spinfunctions of the form |((NS)JL)FMT,> 
were taken as angular basis functions; |NMN> represents the 0- rotation 
(N must be odd) and |5Μς> the angular momentum of the spin, for the ground 
state S=l. These two couple to |JMT> , where J and M. are the total 
angular momentum quantum numbers in case of pure 0- (8). In the dimer 
|JMJ> couples with |LM.>, representing the end-over-end rotation of 
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the complex. Here, the total angular momentum is described by F and My. All 
M-quantum numbers (Μ,^ ,Μ-,Μ. and Mp) are taken here in a 
space-fixed coordinate system. 
The linear Zeeman splitting of the levels is calculated, too, see table 1. The 
Zeeman hamiltonian Η = -g y. S.B is responsible for this splitting, 
where ub is the Bohr magneton (1.39961 MHz/Gauss) and g is 2.00232 
ref.8. 
The analytical approach, discussed hereafter, forms an extension of the work of 
Van der Avoird (6). For the rotation-vibration-spin states in O^-rare gas 
atom complexes a simple model is presented, which predicts the form of the 
fine-structure spectrum. The model contains two parameters due to the 0_Ar 
complex; the vibrational ground state average of the anisotropic potential 
V_ and the end-over-end rotational constant B„. Adjusting these 
parameters yields quantitative agreement with the energy levels obtained from 
the numerical dynamical calculations (4). 
The parameters V~ and BR play a key role in the discussion hereafter. 
They stand for matrix elements 
V2 = (h.c)"
1
<i,p,F,MF,vib|V2(R)|i,p,F,MF,vib> 
and BR - li
2(h.c)"1<i,p,F,MF,vib|(2gR2)"1|i,p,F,MF,vib> 
The symbol "vib" indicates the Van der Waals stretch vibration (coordinate R); 
μ stands for the reduced mass. The values of V„ and B„ depend on the 
eigenfunctions over which the expectation values are taken. In contrast to (11), 
we only consider the ground state of the Van der Waals stretch oscillation, 
thereby obtaining a value for V„ (1165 GHz, theoretical value from the 
potential of (10), see below) which is larger than that obtained in (10) (500 
GHz) from a Boltzmann distribution over all states, at T»93 K. The 
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experimentally determined average value (11), at 93 K, is 600±100 GHz. The 
positive value of V_ reflects that the zero of the function V_(R) 
occurs at an intermolecular distance larger than the minimum distance of the 
isotropic part of the potential V0(R) (fig. 5). 
The large positive value of the matrix-element V_ causes the T-shape 
structure of the 0--Ar complex. 
Actually, for V„ and B- the values quoted by us slightly depend on the 
quantum numbers i and F.Within the potential model of (10) and using the 
"exact" eigenfunctions of the numerical approach (4) we find a variation of 
about 5 GHz around V„-1165 GHz, for the different F-levels of the four 
i-ladders, with F<4. The BH-value thus obtained shows a variation of about 
0.02 GHz around the average of 2.08 GHz. 
Alternatively the energy levels calculated by the numerical approach (4) were 
used to fit directly the value for B-. One reproduces the rotational 
spacing within 1 percent for V9>800 GHz and 1.97 СНгаВ-аг.ОУ GHz. 
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table 1. Zeeman splittings in kHz for a-magnetic field of B=2.81 Gauss 
obtained by the numerical approach, for the potential of (10). 
The states are characterized by their total angular momentum F, their ρ 
parity and the ladder i=l,2,3 or 4 to which they belong. Measured values 
are given between brackets, for F=2 and F=3 the experiment gives averaged 
values of the even and odd transitions. 
F ρ i 
1 - 2 
1 - 3 
1 - 4 
1 + 1 
1 + 2 
1 + 3 
2 - 1 
2 - 2 
2-3 
2 + 2 
2 + 3 
2 + 4 
3-2 
3-3 
3 - 4 
3 + 1 
3 + 2 
3 + 3 
4 - 1 
4 - 2 
4 - 3 
4 + 2 
4 + 3 
4 + 4 
5-2 
5-3 
5-4 
5 + 1 
5 + 2 
5 + 3 
frequency 
2234 
2225 
294.2 
281.5 
300.5 
2829 ^ ^ 
606.6^! 
2850'^^'^ 
1496 
1825 
1670 
noi N 4 
1510 
310.о/ 
1622 ^ 
667 
321.3 
1111 
671.3 
1193 
843.1 
1278 
947.3 
663.8 
1104 
335.0 
830.5 
655.4 
;(2819) 
^(1624) 
(1093) 
(1168) 
(924.6) 
F 
6 
6 
6 
6 
6 
6 
7 
7 
7 
7 
7 
7 
8 
8 
8 
8 
8 
8 
9 
9 
9 
9 
9 
9 
10 
10 
10 
10 
10 
10 
Ρ 
_ 
-
-
+ 
+ 
+ 
-
-
-
+ 
+ 
+ 
-
-
-
+ 
+ 
+ 
-
-
-
+ 
+ 
+ 
-
-
-
+ 
+ 
+ 
i 
1 
2 
3 
2 
3 
4 
2 
3 
4 
1 
2 
3 
1 
2 
3 
2 
3 
4 
2 
3 
4 
1 
2 
3 
1 
2 
3 
2 
3 
4 
frequency 
349.8 
647.2 
631.1 
801.4 
533.5 
972.2 
704.7 
436.3 
868.3 
364.7 
514.7 
603.2 
378.3 
412.3 
574.3 
635.1 
362.1 
784.1 
581.8 
304.3 
715.0 
389.6 
330.5 
545.6 
397.5 
264.6 
518.1 
539.0 
258.7 
657.0 
F 
11 
11 
11 
11 
11 
11 
12 
12 
12 
12 
12 
12 
13 
13 
13 
13 
13 
13 
14 
14 
14 
14 
14 
14 
15 
15 
15 
15 
15 
15 
Ρ 
-
-
-
+ 
+ 
+ 
-
-
-
+ 
+ 
+ 
-
-
-
+ 
+ 
+ 
-
-
-
+ 
+ 
+ 
-
-
-
+ 
+ 
+ 
i 
2 
3 
4 
1 
2 
3 
1 
2 
3 
2 
3 
4 
2 
3 
4 
1 
2 
3 
1 
2 
3 
2 
3 
4 
2 
3 
4 
1 
2 
3 
frequency 
503.3 
222.1 
607.6 
401.8 
211.4 
491.8 
402.3 
168.9 
467.3 
472.7 
192.6 
565.1 
446.0 
168.5 
399.4 
135.1 
444.3 
393.8 
108.4 
422.3 
148.6 
401.0 
386.2 
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CALCULATIONS OF THE LINEAR ZEEMAN TERMS; the analytical approach. 
In the tables 2a & 2b the energy matrices (including a Zeeman term) are 
displayed, for 0~Ar. In principle, the basis of the first order model (6) 
has been used, 
|1> = ^  (|1,1;1,-1;0,F,MF> + |l,-l;l,+l; Ο.Γ,Μρ>) 
|2> = ^  (|1,1;1,+1;2,F,MF> ± |1,-1;1,-1;-2,F,MF>) 
|3> = ^  (|1,1;1, 0;1,F,MF> ± |1,-1;1, 0;-1,Γ,Μρ>) 
|4> = ^ - (|l,l;l,-l;0,F,MF> - |1,-1;1,+1; 0,F,MF>) 
The kets |N,MN;S,M<,;K,F,M_> contain the body-fixed quantum numbers М„, 
Μς and K. Within this basis, the spin interaction (spin-spin & 2nd order 
spin-orbit, eq. 17, ref.6) is diagonalized; similarly, the diagonal term of the 
Coriolis-interaction is taken into account in the determination of the first 
order energy levels, yielding 
e^^BgFÍF+l), e^-BjjFCF+l) + ^  - 4BR, 
e^-BjjFtF+l) + IXQ, C^-BJFÍF+I) + | ^ 
The p-parity of the states is even for |1> and odd for |4>; the states |2> and 
|3> are parity-degenerate possessing even and odd parity. For each parity, we 
have a 3x3 energy-matrix. Including the end-over-end rotation, the total parity 
becomes (-) (6). To get some feeling for the actual energy values one 
has to consider the rotational constant BR=2.097 GHz, for the end-over-end 
rotation, and λ^-59.5 GHz for the spin-interaction constant. 
The first order results have to be corrected, in two ways. The diagonal values 
are strongly perturbed by spin-spin-admixture of N=3 eigenfunctions and the 
N-l, Μ
Ν
=0 eigenfunction; also the anisotropic potential term V. couples 
9 2 
the N=3 eigenfunctions to the first order states |i>, i=l,..,4. As shown in 
ref.6, the energy shifts ε. •*• ε. = ε. + ε . are considerable 
1 1 1 1 
although the amplitude of the admixed states remains small so that perturbation 
theory still yields good results. Accordingly, we use the perturbed 
ε.-values for which analytical expressions can be found in ref.6, as 
function of X. and V.. 
The second correction results from the Coriolis-interaction (eq. 16, ref.6) 
which couples states with K-values differing by one. In the matrices (tables 2a 
& 2b) this interaction is represented by off-diagonal terms containing B„. 
As a consequence, the p-degenerate levels |2> and |3> split. We discuss this 
Coriolis-effect together with the Zeeman effect. 
The Zeeman-terms (ZT) derive from the operator 
A<îF 1* BF 
2 μη В S = 2]L·. Β Σ D
n
 (α,β,Ο) S concerning the rotation matrix elements 
we keep to the convention of Brink and Satchler, ref. 8. The symbol В is used 
for the magnetic field strength; μ_ stand for the Bohr-magneton (ц,/Ь » 
1.39961 MHz/Gauss). The superscripts SF and BF are used to indicate Space-Fixed 
and Body-Fixed operators, respectively. The diagonal-elements of tables 2a & 2b 
are calculated with the help of 
^ . M ^ S . M g î K . F . M p |ZT| N,M N;S,M S,K (F,M F> = 
2 V 2 F + 1 > ( M F J i j (к S - K H I ( - ) " M F " K «ι- ι 
From eq. l fo l lows <3|ZT|3>=0 because of |М„|=0, and <1 |ZT |1>.<4 |ZT |4>=0 
IF 1 FÌ = 0 . For the only non-zero 
diagonal terms one has ; 
<2|ΖΤ|2> =
 4 Β ^ ^ Γ 
The off-diagonal terms are calculated from 
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^.M^S.M^K'.F.MpUliß В S™ D¿
 ±1(о,0,О)^,Мм;8,Мз;К,Г,Мг> = 
«M· .M,, 6^,HS±1 i - ) 1 " ^ " * Vb B ^ /CSÍS+D-Wl) (2F+1) (^ J .¡¡J (J. 5} _J) 
That part of the Zeeman-operator, responsible for the off -diagonal terms, i s 
given by; 
2^ В (Sf Dj *(α,θ,0) + S j DJ ^(».B.O)) 
The matrices (tables 2a & 2b) have been diagonalized. The parameter B. and 
V„ have been varied; the rotational constant В for 0- (occurring 
(2) in the expansion for e ) was put equal to 43.1 GHz. The Zeeman- effect 
has been obtained comparing the eigenvalues for В-Ю and B-2.81 Gauss. The 
linear dependence on В has been checked by a calculation for B-5.81 Gauss; the 
deviation from linearity was found smaller than 5 kHz, yielding a maximum 
relative effect of 0.2 percent, for the observed transition frequencies. The 
analytical approach reproduces the results of the numerical approach within 1 
percent what concerns the energy levels in zero magnetic field and within 5 
percent what concerns the Zeeman splitting, in a B-field of 2.61 Gauss. 
In the following, the analytic approach is used to arrive at corrections of the 
intermolecular potential such that optimum agreement between observed and 
calculated Zeeman splittings is obtained. 
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tables 2a & 2b 
Ρ odd (table 2a) 
|2> 
|3> 
|4> 
|2> 
ε 2 - ε Ι 
+BRF(F+1) 
" F 
+ 4 μ
Β
Β
 ÏTFTTT 
.. , „ . / 2 . / ( F - l ) ( F + 2 ) 
^ " " F ^ C F + I T F(F+0 
- B R / 2 ( F ( F + l ) - 2 ) 
|3> 
„ DM J 2 / ( F - l ) ( F + 2 ) V ,BB MF , /F(F+1)V FÍFfl) 
- B R / 2 ( F ( F + l ) - 2 ) 
ε 3 - e i 
+BRF(F+1) 
il BM л / 
V ^ F C F + O 
- B R / 2 F ( F + I ) 
|4» 
μ
Β
Μ1
Γ ^FCFTTT 
-B_ /2F(F+1) 
К 
ε
Α "
 e l 
+BRF(F+1) 
The energy matrices for the basis of the analytical approach, 
|і;Н,М^;5,Мо;К,Г,Мр>, where i indicates the involved ladder, N & 
Mj. the quantum numbers of the 0_-rotation , S & Μ
ς
 the spin quantum 
numbers of O-, F the total angular momentum including the end-over-end 
rotation of the O-Ar complex and К & Mp its projections. The 
projections described by MN, M_ and К are taken along the body fixed 
dimer axis, that described by Mp along a space fixed direction defined by 
the time independent B-field. The off-diagonal terms derive from the Coriolis 
interaction and the Zeeman term. On the diagonal, in addition, the 0--spin 
interactions (including higher order effects of ^ = 0 & N>l-states) are 
taken into account (6). The two different energy matrices belong to even/odd 
parity states. 
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ρ even (table 2b) 
1> 
BRF(F+1) 
|2> |3> 
B-'V ^FiF+I) U.BM 
- B R / 2 F ( F + 1 ) 
+BRF(F+I) 
+4u„B «F 
В F(F+1) 
„ RM J—l—JUzllSllll U B B M F V F ( F T 1 T V F(F+1) 
- B R / 2 ( F ( F + l ) - 2 ) 
μ
Β
Β Μ
ρ4ΐϊΐΤ 
- B R / 2 F ( F + I ) 
„ им Х-і—чЛЕШІіІТ 
μ
Β
Β Μ
Ρ
 V F ( F Ï T T V FÍF+I) 
- B R / 2 ( F ( F + l ) - 2 ) +BRF(F+1) 
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THE TRANSITION STRENGTH 
For the direction of the r.f. B-field we choose the x-axis (B, //z). The 
magnetic dipole transition probability |i> •+ |f> is then proportional to 
|<f|2 и
ъ
 Sf\i>\2 with (6) 
iSF 1 fiSF iSFi . ;SF _ „1 * , „
 n
. £BF S
x " 72 lS-l - S
+
lJ and S
±
l • Ι ^ ( α . β , Ο ) Sv 
It is convenient to specify Mp and Mp, for the initial state |i;Mp> 
and the final state |f;Mp> respectively. These kets are shorthand notations 
for |i¡MF> = |N,MN;S,MS;K,F;MF> and |f;M¿> = IN.M^S.M^K',F;M^> 
As we are dealing with Zeeman-transitions and use kets from the basis of the 
first order model, one has MM=M N, M^Mg, K'=K and F'=F. By 
consequence , only \>=0 contributes to the transition probability of Zeeraan 
transitions. The relevant matrix-elements are 
<f,MF±l| ^  D^1>0(a,S,0) S Q F и
в
|і,Мр> = 
^ U B ( - ) "
1 + M r K ( 2 F
+
l ) (MFF±1 ,ί i j g J.J] "s 
This equation yields zero for Μς=0 (ladder 3 of ref. 6) and for K=0 (ladder 
1 and 4 of ref. 6). Thus, only the Zeeman splitting of ladder 2 (|κ|=2, 
|Μς|=1) contributes to the Zeeman spectrum. 
Using again the representation with definite parity (table 1 of ref. 6) one 
obtains for the squared transition matrix element 
,2 
P F ( M (ladder 2) = 1^(2F+1)
2 
F 
F 1 F }l (F 1 F ì 2 
Mp-1 1 -МрГ ІМр+1 -1 -Mj 
F 1 F 
-2 0 2 
Неге, transitions which increase and decrease Mp, have been taken into 
account. To compare to the relative experimental transition probability (at low 
r.f. fields) one has to sum this last expression over MF, 
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PF(ladder 2) = j ^ uj 
So far it has been assumed that the mixing of the first order eigenstates which 
is produced by diagonalisation of the matrices (tables 2a & 2b) has negligible 
influence on the transition probabilities. From the calculated mixing 
amplitudes we estimate that the forbidden transitions within the first, third 
and fourth ladder become allowed but obtain a strength at least ten times 
smaller than that for the second ladder. The reason for this simplifying 
*SF 
circumstance resides in the fact that the operator 2;i-S possesses no 
off-diagonal elements between states from different i-ladders. 
In comparison, the transition probability for 0. monomers amounts to 
.2 
W - jcjfe 4 [2 + J(J+1) - Ν ( Ν + 1 ) Γ 
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DISCUSSION AND CONCLUSIONS 
In the experimental results (fig. 4) two double peaks and three single peaks 
can be distinguished. Note , that the experimental FWHM line width amounts to 
about 50 kHz. One observes also spectral structures below 750 kHz, for B=2.81 
Gauss. 
In the same figure the positions of the Zeeman splitting due to the potential 
model (10) are indicated, as calculated within the numerical approach (4). 
The two double peaks have been assigned to F=2+,- and F»3+,- with splitting <50 
kHz and the three single peaks to F=4+, F-A- and F=5-. The levels contributing 
to the structure below 750 kHz are indicated. The narrow peak at about 380 kHz 
(8-, 14+ and 15- levels) appears slightly stronger than expected from a simple 
extrapolation of intensity from the well assigned higher frequency peaks. We 
have considered and finally rejected the possibility that there is some 
contribution from ladder 3, due to strong mixing between wave functions of 
ladder 2 and 3, at high F-values. The Zeeman splitting of the levels F-19+, 
18-, 17+, 16-, 15+ and 14- comes close to the observed maximum. However, the 
Boltzmann factor for these high levels of ladder 3 renders this hypothesis 
rather unprobable (we have assumed T=3 K). Another hypothesis is equally 
rejected. From the numerical (table 1) and analytical approach we know that the 
levels of ladder 1 posses a Zeeman splitting with a maximum value (about 400 
GHz) at around F=ll, i.e. F»7+, 8-, ..., 15+ and 16- all contribute at about 
the same frequency, (380 GHz). Here, however, the expected small transition 
probability rules out this conjecture. 
Although the agreement is rather good, the Zeeman splittings predicted by the 
numerical model (fig. 4) do not exactly reproduce the experimental positions. 
This is due to inaccuracy of the empirical potential (10). In order to obtain 
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figure 4. The Zeeman spectrum 
of 0_Ar, measured as 
beam attenuation (percentage) 
versus rf transition frequen­
cies. The lower trace is 
recorded at B=2.81 Gauss, the 
left and right upper trace at 
B=5.81 Gauss. The experimental 
uncertainty is smaller than 
0.13 percent. Zeeman split­
tings from the numerical ap­
proach are assigned and indi­
cated by bars, according to 
the potential model (10). 
The broken line indicates the 
position of the F=2+,- split­
ting inferred from the 
measurement at 5.81 Gauss. 
an even better agreement we use the analytical model to correct for small 
changes in the potential, see fig. 5. Although the absolute values for the Zeeman 
splittings are 5 percent too high as obtained from the analytical approach we 
assume that small relative shifts are produced with sufficient accuracy by a 
variation of the parameters V„ and B R. At B=2.81 Gauss, V„=1150 GHz 
and BR=2.07 GHz an increase of V_ by 25 GHz yields an average shift of 
the Zeeman splitting of 1.5+0.2 kHz, to lower frequencies. Under the same 
conditions, an increase of B R by 0.1 GHz yields an average shift of the 
Zeeman splitting of 13+4 kHz, to higher frequencies. The corresponding shifts 
for B=2.81 Gauss at V2=800 GHz and BR=2.07 GHz are 2.2+0.4 kHz and 13±4 
kHz, respectively. Fortunately, there is no strong dependence on the starting 
values for V_ and Β-. Note that the actual shifts were obtained by 
using the explicit dependence of all Zeeman splittings on the parameters V„ 
and BR, for each individual low lying level of ladder 2, for the various 
parameter combinations of fig. 6. 
Our starting values, V_=1150 and B_=2.07 GHz (combination 1, left dot 
in fig. 6) are calculated from the numerical approach, taking expectation 
2 -1 
values of V7(R) and (2yR ) between the "exact" eigenfunctions of 
(4). As mentioned above, there is only a weak dependence on the particular 
choice of eigenfunctions for neighbouring low-lying states. 
The V- and B- parameters are not independent. For decreasing R-values 
both V. and B R rise, for instance to BR=2.13 GHz and V =2300 GHz 
(combination 2, right dot in fig. 6); this combination is obtained from an 
"exact" numerical solution of the ro-vibration-spin problem with the 
V--potential shifted to higher R-values by 0.12 R. In fig. 6, those 
combinations are indicated, which fall onto the linear interpolation between 
combination 1 and 2. At the same time, for various V„-Bp combinations 
10 1 
E(meV) 
1000 
figure 5. The potential due to (10). The curve 
with the shallow minimum, V.(R), has 
its zero-crossing strikingly displaced to larger 
distances, with respect to the minimum of Vn(R). 
By the present experiment, V„(R) is probed around 
R-3.71 L· Note, that 10 meV corresponds to 2420 
GHz. Consequently, our recommended parameter 
value V2-1650 GHz reflects a slight shift (0.05 Ä, 
as indicated exaggerately) to larger distances 
of the repulsive part of the V_(R)-potential. 
230 -
ЮОО 
1500 2000 V2(GHz) 
figure 6. The optimum 
valley of the 
BR-V„-parameters from the 
analytical approach. The 
number along the curves 
2 2 
represent Δ in (kHz) , 
the sum over the squared 
differences between the 
measured and calculated 
Zeeman splittings. As 
characterisation of our 
experimental uncertainty 
2 
we take Δ =100. The left 
dot corresponds to the 
Bp-V- combination 1, 
obtained with the help of 
the exact eigenfunctions 
belonging to the poten­
tial of (10). The right 
dot is calculated simi­
larly, after a 0.12 Â 
shift of V2(R)+V2(R-0.12). 
Between these dots, the 
linearly interpolated 
line describes the cor-
relation between BR and 
V_; its intersection with 
the optimum valley yields 
our recommended values. 
the sum of squared differences between the measured and calculated Zeeman 
2 
splitting, Δ , is shown for the F<5+ levels of ladder 2. The intersection 
2 
of the linear interpolation of combinations 1 & 2 with the valley of Δ £100 
2 (kH?) yields the recommended V„ & B_ values, from our experiment. 
The conclusions of this paper are summarized in the following statements; the 
T-shaped dimer O^-Ar can be well understood and described by a simple model 
(6); the predictions of this model are satisfactorily verified by our 
experiments on the Zeeman splitting; the potential model of Pirani & 
Vecchiocattivi (10) needs only slight adjustment, in the light of the present 
experiment; the optimum parameter-values we propose are V-=1650±125 GHz and 
BR=2.097+0.007 GHz, corresponding to a shift of 0.05 Â to larger 
intermolecular distances, of the repulsive branch of V„(R) (see fig. 5). 
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OUTLOOK 
O.Ar being measured and understood the question poses itself what can and 
shall be done next, with the Nijmegen magnetic beam resonance machine, 
utilizing the improvements achieved during the period of this thesis work. 
Naturally, 0~-Ne and simular combinations offer themselves as candidates 
for extended studies. New aspects are encountered if (.0~). is 
considered where intermolecular spin-spin forces come into play providing us 
with possibly new magnetic effects; indeed, in the course of our work we have 
encountered evidence, that (O^)^ becomes diamagnetic below about 10 K. This 
is new because one has expected - partially based on the work of van Deursen 
and in contrast to what is known for (N0)_ - that (0?)« remains 
paramagnetic. However, very recently the group of Van der Avoird questioned 
this belief by demonstrating theoretically, that for most geometries, 
(0-)- becomes a diamagnetic complex. 
Before we set out to investigate paramagnetic molecules and paramagnetic 
clusters, a test measurement was performed to show the feasibility of magnetic 
beam resonance measurements on diamagnetic molecules as heavy as SF,. The 
positive outcome has opened the way to measurements where intersection of the 
molecular beam e.g. by a properly tuned C0_-laser permits to select rf 
magnetic beam resonance signals for well defined rotational states. 
Another possibility of the application of ir laser in conjunction with MBR 
might be the investigation of hydrogen bonded dimers, in a non- destructive 
way; excitation becomes observable by the change of magnetic deflection upon 
vibrational transition, e.g. for (NH-).. The gain in spectral 
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resolution - as compared to predissocation studies - could be considerable. 
All these and other possibilities have to be looked at in the light of the 
achieved technical progress. We are convinced to have gained 1 à 2 orders of 
magnitude in sensitivity - otherwise a single-state measurement of a 10 
cluster fraction would not have been possible. With this achievement it looks 
worthwhile to go back to formerly unsuccesful attempts. Especially, the 
hfs-determination of (H-,)« we would have liked to try again, employing 
noise broadening to facilitate the initial search of resonance frequencies. 
However, the life-time of an average dutch promovendus is finite; besides, a 
savory menu should be left to my successor! 
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NEDERLANDSE SAMENVATTING 
Het T-vormige dimeer 0_-Ar kan met behulp van een simpel model beschreven 
en begrepen worden: de voorspellingen van dit model worden op een 
bevredigende manier bevestigd door onze metingen aan de Zeeman splitsing, 
het potentiaal model van Pirani & Vecchiocattivi heeft slechts een kleine 
verandering nodig in het licht van het gepresenteerde experiment, de door 
ons gepresenteerde optimale waarden van de parameters zijn V_=1650±125 GHz 
en BR=2.097±0.007 GHz, wat neerkomt op een verschuiving van het repulsieve 
stuk van V_(R) van 0.05 Â naar een grotere intermoleculaire afstand. 
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STELLINGEN 
1 In tegenstelling tot de bevindingen van A. Van Deursen wijst alles erop 
dat de grondtoestand van (0„). diamagnetisch is. 
zie A. Van Deursen and J. Reuss, Molecular beam intensities and collision 
cross-sections of small Ne, H„, N„, NO and O- clusters. 
2 De detectie limiet van kleine gasconcentraties gemeten in een opto-
Bcoustische cel wordt vaak bepaald door een achtergrond signaal (Ij. 
1/ R. D. Kamm, Detection of weakly absorbing gases using a resonant 
opto-acoustic method. J. of Appi. Phys. 47 (1976) 3550. 
i g i c I R I ñ 
3 Scheiding van de zuurstof moleculen 0 0 en O O in een bundel 
beschreven in (1), waarbij gebruik wordt gemaakt van isotoop selectieve 
resonantie kan in dit specifieke geval veel efficiënter worden verricht door 
18 18 gebruik te maken van het feit dat O O een paramagnetische grondtoestand 16 ie heeft en O O niet, dit in combinatie met een voldoende koude bundel. 
1/ A. Amirav and U. Even, J. Appi. Phys. 51 (1980) 1. 
4 De formule voor E ,(J=N-1) van een Σ state (1) uit Mizushima's 
r
 16 16 
" The Theory of Rotating Diatomic Molecules " geeft voor O O , 
met de constanten genomen uit tabel (2) uit hetzelfde boek, een verkeerde 
waarde, voor N=1. 
1/ tabel 5-1 blz 229. 
2/ tabel 5-4 blz 238. 
5 Omdat in principe alle twee-foton-excitaties, binnen een infrarood 
aktieve mode, Raman aktief zijn, kun je via Raman-metmgen van 
boventonen & combinatie tonen belangrijke informatie verkrijgen ter interpre­
tatie van multiphoton dissociatie-spectra & -processen. 
zie E. Borsella, R. Fantoni, A. Giardini-Guidoni, D. R. Adams and C. D. 
Cantrell, Resonance structure of multiple-photon excitation in symmetric 
and asymmetric tops, Chem. Phys. Letters JJM (1983) 86. 

6 De extreem grote rotatie constante van SiH. (nl. 2.85 cm" ) zou het 
mogelijk moeten maken om met een continu verstembare TEA laser en 
een meetopstelling zoals in (1) rotatie opgeloste spectra te verkrijgen en zo 
de weg te volgen van multiphoton processen zoals beschreven in (2). 
1/ E. Borsella, R. Fantonl, A. Giardini-guidoni, D. R. Adams and C. D. 
Cantrell, Resonance structure of multiple-photon excitation in symmetric 
and asymmetric tops, 101. (1983) 86. 
2/ W. Fuss, Comments on collislonless vibrational relaxation, Chem. Phys. 
76 (1983) 343-348. 
7 Het aanbrengen van afbeeldingen bij in het nederlands opgestelde tekst 
van de te bestellen artikelen van instellingen zoals de fakulteits kantine 
wis- & natuurkunde te Nijmegen zou ook voor buitenlandse gasten de mogelijk-
heid openen om een bewuste keuze te maken. 
bron: Dr. Lamé, die herhaaldelijk, ontdanks lang oefenen op de uitspraak van 
"vruchtensla", genoegen heeft moeten nemen met yoghurt. 
8 De indruk dat de pessimist vaak gelijk heeft wordt ten onrechte versterkt 
doordat enerzijds - als er inderdaad iets mis is gegaan - hij er vaak 
melding van maakt dat hij dit al had zien aankomen, èn anderzijds - als het 
toch goed is gegaan - hij verzuimt terug te komen op zijn voorspelling, iets 
dat dikwijls in de roes van de vroegde over de goede afloop aan de 
betrokkenen niet opvalt. 



